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I. IN'I'I{( _I)iK"'I'IO N

Many aerospace launch vehicles and spacecraft utilize hypergolic pro-

pellants which are toxic ,and corrosive, and require special storage, loading

and waste disposal systems. The waste disposal systems, _for both liquid and

vapors, are of especial concern due both to problems of maintaining the quality

of the environment, and the changing nature of launch operations that will

accompany the advent of the Space Shuttle.

The purpose of this study was to review and evaluate existing propellant

disposal methods, to define and investigate new methods where appropriate,

and to perform application studies on the implementation of various disposal

concepts for Space Shuttle requirements. The specific waste products of

concern were liquids .and vapors of the following seven hypergolic propellants:

(1) Nitrogen Tetroxide (N204 - NO2)

(2) Inhibited Rod Fuming Nitric Acid (IRFNA, HNO 3 + NO 2

t- It20 + H_

(3) Hydrogen Peroxide (H202)

(4) Anhydrous Hydrazine (N2H4)

(5) Monomethyl Hydrazinc (MMH, CH3N2H3)

(6) Unsymmetrical Dimethylhydrazine (UDMH, (CH3)2N2H2)

(7) Aorozine 50 (50_, N2Ht - 50% UDMH)

The study was divided into three phases. Phase 1 had as its purpose

identification of the current, state-of-the-art liquid and vapor disposal methods

for these seven propellants. Included were a literature search, contacting

manufacturers and users of the propellants, contacting manufacturers of

waste disposal equipment, and compilation of the accumulated information in

a form suitable for evaluation in Phase 2. We were concerned with the
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techniqucs currently practiced t_r rccoml_lt'n(h'd bv mo.nuf:lcturt:r_ :tn(t ust:rs

wa_lt, l iqtdds at_i v:tp_l's, anti :llso tht_c techniquc_ which had hccn dis-

c:trtied for one reason or am_thct-, and drawing board ideas being _toveloped.

l_hasc t was not an environmental study, and was not directly concerned

with the effect of any of these disposal methods on the environment. Rather,

it was an engineering study concerned with learning the technical details of

the equipment and procedures used by various organizations for hypergolic

propellant disposal.

Phase 2 was concerned with evaluation of these current disposal

methods, primarily in terms of their effect on the environment. Even here,

the emphasis was on identifying requirements for new technology and methods

suitable for continued use, rather than on identifying any specific current

environmental problems. Economic factors were also taken into account.

The original intention was that Phase 3 concentrate on disposal problems

for which current methods are not acceptable for continued use--within the

context of prolonged use and increased use rates. The Phase 2 evaluations

indicated, however, that while some individual methods are not acceptable

for continued use, acceptable methods do exist for disposing of all of the

hypergolic propellants, both in liquid and vapor phases. For this reason there

was some change of emphasis from the original plan, with major effort

devoted to new alternative disposal concepts that might offer substantial

benefit relative to existing acceptable disposal methods. In addition, studies

of some of the existing methods were carried a step farther to consider design

criteria and provide additional guidelines for future designers; and specific

shuttle-related disposal requirements at KSC and contingency landing sites

were studied.

Our Final Report is presented in five major sections. This section, the

Summary Report, is intended to be a concise presentation of the important

results of the study. Following sections present the detailed results of each

of the three phases of the study, with two sections devoted to phase 3 because

of the eventual broad scope of that portion of the study, and the extensive and

diverse nature of the results.
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II. SIt;NII,'I('ANT III,:SI_I,'I',_

A. I'IIASE I

our purpose in Phase 1 was Io asceriain and catalog what is currently

being done to dispose of hypergolic propellants. To this end we contacted

chemical manufacturers, users of propellants, disposal equipment manu-

facturers, and assorted organizations we felt might have suggestions

regarding this problem.

We found that the most widespread moans of treating all of the listed

propellants for disposal is dilution followed by neutralization. Wherever

possible, both fuels and oxidizers are transferred to the same holding ponds

to Ix, neutralized. Hydrazine and N204 vapors are often vented to water

scrubbers, and the contaminated water is then transferred to the same

holding ponds. Incinerators are used for hydrazine liquid wastes, and flare

burners for N204 vapors. N204 liquid can be allowed to vaporize at

atmospheric pressure and disposed through a scrubber or flare burner.

Open pit burning is still used to some extent for hydrazines, and is recom-

mended by some authorities, subject to certain precautions. Vapors - both

fuel and oxidizer - al_e commonly vented to the atmosphere.

The hydrazincs seem to be regarded by most organizations as the

substm_ce preseming the most serious disposal problem. Methods of disposal

for the nitrogen-based oxidizers were fotmd to be less elaborate and rigorous.

Hydrogen peroxide disposal is a relatively minor problem.

In addition to destructive disposal, there were found to be possibilities

for recycling some of the waste propellants, and for converting others to

useful purposes. Use of the oxidizers to produce fertilizer seems feasible,

and the hydrogen peroxide could be a valuable oxygen source in sewage

treatment, and is also being considered as a replacement for chlorine in the

later stages of water treatment.

Detailed results of the study arc recorded in the section of this report

devoted to the "Current State of the Art. " Included there are both current

practices and recommendations from various sources. The following paragraphs

present these results in a more succinct fashion, rather than separating the

4

©

:, .j



©

C_

iniormation according to source, litre the propell,'mts will be divided into

four categories: h.vdrazines, hydrogen peroxide, nitrogen tetroxide, and

inhibited red fuming nitric acid. The reason for combining the hydrazines is

that the differences in disposal methods between the various hydrazines were

so minor that there is little reason to discuss them separately. Detailed

thermochemical descriptions of the various disposal methods are presented

later in this report, in the section devoted to "Evaluation of Current Disposal

Methods. "

II. A. 1. Hydrazines

a. Inc ine ration

Two organizations are currently incinerating aqueous solutions of

hydrazines (and, in one partictflar instance, a solution of MMH in isopropyl

alcohol). One incinerator uses natural gas as primary fuel and maintains a

flame temperature of 1900 F; the other uses diesel fuel and maintains 2700 F

or higher (3200 F was also mentioned).

A third organization has developed (and is marketing) a more specialized

incinerator capable of disposing of raw liquid hydrazine. A research program

carried out under Air Force sponsorship demonstrated the effectiveness of

this incinerator in disposing of the hydrazine cleanly and efficiently, with

acceptably low formation of oxides of nitrogen and other undesirable products.

An extensive study I of the disposal of hazardous wastes (hereafter referred

to as '_he TRW study") recommended controlled incineration for the disposal

of hydrazine, with effluent scrubbing to eliminate any ammonia formed in the

combust ion process.

b. Neutralization

A munber of organizations dispose of hydrazines by dilution followed by

neutralization. The manufacturers recommend neutralization using calcium

1R. S. Ottinger, J. L. Blumenthal, D. F. Dal Porto, G. I. Gruber,

M. J. Santy, and C. C. Shih, '_Recommended Methods of Reduction,

Neutralization, Recovery or Disposal of Hazardous Waste. " Report No.
21485-6013-RU-00, TRW Systems Group, 1 February 1973, prepared for
Environmental Protection Agency, Contract No. 38-03-0089. (See especially
Vols. I, XII).
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hypochloritc or a dilute solutiol_ _f hydrogen peroxide, catalyzed by a tr_cc

amount of copper sulfate. Dilute hydrochloric or sulfuric acid is also

recommended in the ease of MMH, and atmospheric oxygen in the presence

of copper salts for N2H4.

The catalyzed hydrogen peroxide reaction is currently being used by

several of the organizations contacted, but not, as far as we could ascertain,

the hydrochloric or sulfuric acid reactions. Two

organizations precede the hydrogen peroxide reaction with a sodium hydroxide

reaction, and at least one uses sodium hydroxide alone to treat dilute hydrazine

wastes. Also used for neutralization purposes are dilute nitrogen tetroxide,

sodium hypochlorite, and hydroxyacetic acid. Nitrogen tetroxide is used

quite commonly since the same holding ponds are used for both fuel and

oxidizer wastes.

llydrazine vapors are often sent through water-spray scrubbers, and

the water then treated by one of these neutralization reactions.

c. Air Oxidation and Decomposition / "N

Diluted with water and left in a holding pond, hydrazine will gradually

decompose as a result of air oxidation and bacterial action. This process was

a little difficult to separate from chemical neutralization in evaluating the

results of the survey, since it inevitably occurs whenever hydrazine is present

in a holding pond and it is quite likely that even if neutralization is the "official"

disposal method, operators will have learned that less chemical is required

if it is not added too hastily.

Decomposition can be speeded by use of a catalyst, such as copper sulfate

or iron oxide, and by aeration - either bubbling air through the pond, or spraying

water from the pond into the air in a fountain. At least two organizations are

using aeration ponds of the former type to decompose hydrazine, and another

is experimenting with a spray pond. All three use catalysts in conjunction

with the aeration.

d. Catalytic Decomposition

In addition to the use of catalysts to speed reactions in dilute

solutions, itis also possible to use catalysts directly to speed _.___
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the decomposition of raw N2H 4 and MMtl liquids, and of vapors. Such

catalysts would be expected to be relatively ex'pensive, although not nearly

so expensive as one catalyst used in hydrazine monopropellant thrusters

and auxiliary power units. Nickel catalysts at approximately $5 per pound

are most commonly mentioned, and the TRW study mentions the possibility

of a new low-cost catalyst that might merit further study; this catalyst, we

learned, is molybdenum based.

Although copper sulfate and iron oxide are commonly used as catalysts

in holding ponds, direct catalytic decomposition of undiluted liquids or vapors

is not currently being employed, as far as we could ascertain.

e. Open Pit Burning

Open pit burning is recommended by the manufacturers for disposal

of large quantities of hydrazincs, anti is still in fairly widespread use, although

it seems to be much less prevalent now than several years ago. The TRW

study labeled this method "generally acceptable" but warned of excessive

NO x generation. Concentrations less than 40% are not combustible at

atmospheric temperatures.

f. Other Methods

Direct reaction of undiluted hydrazine with undiluted N204 has been used

by at least two organizations. MLxing small quantities of slightly out-of-

specification hydrazine with large amotmts of non-contaminated hydrazine

is an alternative to disposal where the volumes arc large enough to make this

feasible. Filtration to remove suspended particulate matter can also return

hydrazine to specification. Return to a chemical company is a possibility.

Venting of vapors to the atmosphere is common, often with more or less

elaborate precautions, including consideration of mixing models, etc.

Dilution followed by pouring on the ground is used, but probably not to any

great extent.-

II. A. 2. Hydrogen Peroxide

Neither the manufacturers nor the TRW study recommends anything more

elaborate than dilution with water and pouring on the ground or into a drainage

7



system, and these procedures arc commonly followed. ('#no organization

speeds the deeoml}osition using a catalyst - either platintml or silver screen

in the cast_ of small quantities, or Na()ll for larger quantities.

Disposal of significant quantities of 11202 might not normally be

necessary in view of its possible application in sewage treatment plants.

lI. A. 3. Nitrogen Tetroxide

a. Incineration

Nitrogen tetroxide can be consumed in combustion with a hydrocarbon

fuel, usually in the presence of air. Although a variety of large incinerators

have been used in the past, at present this form of disposal invariably involves

a flare burner in which propane and nitrogen tetroxide vapors mix at the

exit plane of the burner and react; the burner is operated in a fuel rich mode

and the atmospheric air surrounding the primary reaction zone apparently

reacts with the excess fuel to prevent undesirable hydrocarbon emissions.

These units have been installed in at least four facilities around the country.

b. Neutralization

The most common means of disposing is dilution followed by neutralization.

'the manufacturers recommend soda ash, lime, or other alkali for neutralization.

Substances used by the organizations contacted also include sodium carbonate,

triethanolamine, and sodium hydroxide. Several dilute and add the mixture to

the same holding ponds used for hydrazines.

Vapors are sometimes treated in water-spray or baking soda scrubbers,

or bubbled through water. The water effluent is sent to holding ponds to be

neutralized as above.

c. Other Methods

Some waste N204 has been returned to the manufacturer. Vapors are

often vented to atmosphere, sometimes with more or less elaborate precautions

(as with the hydrazines.)



C II. A. 4. Inhibited Red Fumin_ Nitric Acid

At the present time, there seems to be no significant IRFNA disposal

activity in this country, although seve,'al organizations have had considerable

p.lst t,xperiem.o with IRFNA. Nculraliz:llion of lli["NA is cssenti:dly the same

as ncul ralization of N204, except that .an additional step is necessary to

precipitate the fluoride content. Disposal in a combustion reaction is also

similar to the N204 case, except that the product gases might need to be

treated by water scrubbing to avoid HF emissions. Except for the HF

inhibitor, IRFNA disposal presents the same set of problems, albeit on a

smaller scale, as those faced by the nitric acid industry.

The TRW study mentioned the possibilities of reaction with ammonium

hydroxide to form an ammonium nitrate solution which can be used as a

fertilizer, and steam distillation to yield concentrated acid.

B. PHASE 2

The purpose of Phase 2 was to evaluate the current disposal methods

identifit_! in Phase 1, on the basis of effectiveness

in preventing the release of harmful constituents tothe environment.

Tables I through IV on the following pages present, in summary form,

our evaluation of the disposal teclmiques currently in use. We have assigned

ratings as follows:

A - Acceptable; no reservations

B - Acceptable; slight reservations

C " Acceptable; major reservations

D - Not Acceptable except under very special circumstances

F - Not Acceptable under any circumstance.

For hydrazines, both incineration and pond oxidation were given "A"

ratings as means of disposing of the liquid phase. In addition, treatment with

hydrogen peroxide was rated "B", and three other neutralization treatments

were rated "C ". The only generally acceptable current method of disposing



of hvdrazine x'alxws is by scrui+l+ing, which was rated "B". Scrubbing of

course results in a liquid effh,cnt that still must be disposed of by oxidation

t)r n(;tttral izaliotl.

Several neutralization reactitms for liquid N204 were rated "B", as

was simple water dilution. Incineration, a potentially good disposal method,

has not been adequately demonstrated for liquid oxidizers, but flare burners

were given an "A r' rating for vapor disposal; vapor scrubbing was rated "B".

All of the chemical treatments involve addition of other substances, in large

quantity, that must also be disposed of ultimately. This secondary disposal

problem is a significant disadvantage for these methods unless the products can

be used as fertilizer rather than being discarded.

Disposal methods, and ratings, are essentially the same for IRFNA as

for N204, except that flare burners have not been designed for IRFNA to

date (and this substance might represent a more difficult incineration problem),

and a fluoride-precipitating agent is required in both the neutralization and

simple dilution cases.

In dilute form, hydrogen peroxide is environmentally beneficial;

decomposition, discharge to ponds or stre.-uns, and direct venting were all

given ',A" ratings.

These ratings were made on the basis of effectiveness of the disposal

method and the environmental impact of the effluent. Other factors, such

as worker safety and economic considerations, were taken into account

where possible, but never as major factors. Quantitative rankings were

considered, but not attempted since it was felt that true rankings are very

application-dependent, and that any attempt on our part at ranking would tend

to be misleading. For example, both incineration and oxidation ponds were

given "A" ratings for disposal of liquid hydrazines. In any given application,

one might be quite preferable to the other, but the choice would have to be

made on the basis of a numher of factors such as land availability, frequency

of disposal and quantities, the nature of other activities taking place in the

same area, etc. For the sake of this study, both are judged to be very

effective and environmentally safe ways of disposing of liquid hydrazine; to

10



go farther and say one is generally preferable to the other would be to ignore

the varying conditions and needs that might exist, and to do a disservice to

future engineers who might have to justify use of the lower-rated system.

In cast, s where secondary disposal is required, the ratings are on the

prim:tt'.V system only - that is, they assmnc the most efficacious means of

secondary, disposal will be used. This question arises primarily in connection

with the formation of nitrates _md nitrites from the neutralization of N204

or IRFNA. These nitrates and nitrites are in one sense a very valuable

by-prtxtuet, needed by the agricultural industry as fertilizers, but on the

other hand they are environmentally quite hazardous if "dumped" into a

river stream or lake, or even on land in any great concentration. Our

ratings of '_B" for most of these neutralization methods (and the related

vapor scrubbing methods) are based on the assumption that these secondary

products are put to good use as fertilizer, and spread over a very wide area,

rather than discharged directly to flowing water or groundwater. Otherwise,

ratings of "C" or "D" would apply.

11
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C. PIIASE 3

The purpose of Phase 3 was to investigate new alternative concept

!(_" I_'_',q)ellant disposal, and to perform additional studies related to the

_ :_i(mof various disposal concepts.

Several new alternative concepts were studied, both experimentally

and lb(_oretically. Especially favorable results were obtained in the

cases of vapor condensation and gamma irradiation. Direct vapor phase

addition of N204 to holding ponds was successfully accomplished using

porous plate spargers; if the vapor pumping requirements are not pro-

t_il,iti,_e this method might be a viable alternative to the use of a scrubbe_"

in s),ne applications. Insoluble calcium carbonate was shown to have

distinct advantages as a neutralizing agent for N204 relative to the

commonly used water soluble reagents. Catalytic decomposition offers

sevecal promising possibilities, but development and evaluation will requi_'e

:t ceiatively major research program. It was found, however, that common

copper sulfate and iron oxide catalysts are extremely beneficial when used

in conjunction with aeration. Ozone oxidation was quite successful,

but might not be justified relative to air oxidation.

The application studies were basically of two types: those treating the

application of particular disposal methods, and those treating the application

of valious disposal methods to specific disposal situations. In the former

c:zlegory, primary attention was given to aeration and to fuel-oxidizer

re:_ctions in dihtte solutions, including laboratory work as well as

theoretical considerations. In addition, scrubber design criteria were

_udi_ d, and an experimental evaluation of the removal of fluoride from

dilute IRFNA solutions was performed. The second category of applicatioti

studies included waste handling and facility location considerations, fume

hood design criteria, and a discussion of propellant disposal at contingency

landing sites.

Tables V, VI, and VII on the following pages present the results of

lhi; t)hase of the study in summary form. Details are presented in the

[itlai two sections of this report, which deal with "Alternative Disposal

Concepts" and "Application Studies", respectively.

.j'

k _.j:
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TABLE VII. APPLICATION s'rt_l)lES ON I)ISPOSAL ]'IR)BI,I':MS

.

Disposal Situation

Parts handling fume hoods

Nature of Study

Design considerations - evaporation
rates, flow rates, sizes. Use of

air mixing sections or scrubbers.

2. Dumping of propellants from
drum type containers.

Consideration of commercially -
available, remote-control equipment.

3. Launch site Consideration and discussion of

alternatives. Recommended pond
location.

O 4. Orbiter processing facility Scrubber size and flow rate recommen-

dations, and recommended pond
location.

5. Hypergolic maintena_e facility Number, size, and flow rates for
fume hoods with scrubbers.

Recommended pond location.

6. End of runway Recommended pond or tank location
for emergency use.

7. Contingency lauding sites Comparison of disposal methods, and
discussion. It is our conclusion that

a requirement exists for the design and
development of an air transportable
holding (reaction) pond.

. Transportation of hypergolic
wastes from collection to

disposal sites

21

Preliminary cost estimates for
various alternatives.



Iii. I{E('()MMENI)A'I'I[)NH I,'_,)1{ I,'tlI{'I'IIEI{ STUI)Y

A Inlnd_,r of areas h:lve l_en idcntified in this study where further

effort is bolievcd to be justified b.v tile possibility of significant advances in

waste propellanl disposal technology. These areas are listed below:

1. Vapor condensation. The greatest need, in terms of new disposal

methods, identified in this study is an alternative to water scrubbing/

liquid effluent treatment for hydrazine vapors. Analyses and

experiments indicated that recondensation looks very promising from

both the environmental and economic points of view. Continuation to

design and development phases seems well justified. The method

has the added advantage of being even more promising in the case of

N2Oi vapors, where the best current method, the flare burner,

requires a dependable supply of propane or other fuel and might have

other disadvantages: we have learned that the most recent and

extensive installation, at Johnson Space Center, was decommissioned ,_
<j

almost immediately ,_ter becoming operational.

2. Cata_ic decomposition. Another method that might be promising for

disposal of hydrazine vapors is direct catalytic decomposition. A

feasibility study is probably the next step here.

3. Holdin_ ponds. A number of holding pond-related disposal techniques

are either in use, or have been investigated in this study. The next

step is to consider in detail the overall design of a holding pond to

receive both fuels and oxidizers, in varying amounts, making the best

use of aerators, circulation pumps, calcium carbonate layers, gamma

irradiation or ozone generation if necessary, and chemical neutralization

if necessary. Other considerations are the need for an impervious

liner to prevent seepage into the ground, the need for wildlife

protection (fences and perhaps some sort of dome) and provisions for

proper monitoring and control.

4. Combustion. Combustion devices identified in this study as being

desirable for certain propellant disposal problems have not been i<,jy
adapted or tested for other propellants. The flare burner could

probably be developed for other oxidizer vapors besides N204, and
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possibly for fuel vapors as well. The SUE incinerator could perhaps

be modified for destruction of nitrogen-fuel vapor mixtures, and

another attempt could be made to apply this unit for oxidizer disposal.

This design could also probably be carried to a higher stage of

development with advances in nozzle design, secondary air injection,

etc., that would incorporate recently-developed combustor technology

from the gas turbine field.

Contingency landing sites. The design of an air transportable holding

pond-perhaps a number of modules that could be assembled on-site

to any required size--appears to offer the best solution to the problem

of propellant disposal at contengenoy landing sites. One problem

is selection of the best liner material. A combination of combustion

devices and scrubbers that could be flown to the point of need could

also be designed for this purpose, although this disposal approach is

dependent on the availability of a fairly large supply of auxiliary fuel

at each landing site. If one of these two approaches is not adopted,

disposal will probably have to rely on the possibility of excavating a

holding pond on the spot at the time of need.

i "
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I. Till': ORtlANIZATI()NS C()NTAC'I'ED

A. THE COMPILATION PROCEDURE

We first compiled an extensive list of both manufacturers and users of

the specified propellants from sources including Thomas Register, World

Aviation DirectoD', Aviation Week's "Forecast and Inventory" issue of

19 May 1973, miscellaneous library sources, personal contacts, and

suggestions made by NASA's technical review team. We included several

foreign organizations in the belief that it was possible that their approaches

might be substantially different from those in this countIT. Every effort

was made to make the list as comprehensive as possible, with the assumption

that we would elicit negative responses from many of the organizations -

especially some of the smaller chemical companies.

On the basis of what we "knew of their activities, the initial list was

dividt, d as follows (with some organizations involved with more than one pro-

pelhmt):

Hydrazines (all varieties): 43

MMH: 8

UDMI-h 8

Aerozine 50: 9

Hydrogen Peroxide: 16

Nitrogen Tetroxide: 15

IRFNA: 7

Catalysts: 3

In the interest of completeness the list also included disposal equipment

manufacturers from Thomas Register and pollution control and chemical

engineering journals. The fourteen chosen certainly did not constitute an

exhaustive list but, rather, represented organizations we believed most likely to

have been exposed to the problem of disposing of hypergolic propellants. Several

were subsidiaries of companies listed as users or manufacturers.
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Allogolh,,i',s¢,w,nly Itiiicol'}',_llli_,:llion,'_Wl'l'¢'contnci(,d:lllht,be,ginning of

lh(' ._lud)', Ihirly five of which svcr(, clu'mical COml):unies. The Foreign companies

:rod organizaiiolm wcrc bastxi in ihc following countries:

France: 5

Germany: 4

Britain: 2

Japan: 4

Sweden: 2

Spain 1

Eventually, the total number of contacts (and attempted contacts) reached

ninety two as a result of suggestions from people contacted initially and other

additions. A complete list of these organizations follows. This list does not

include companies contaoted during Phase 3 in connection with our effort to

evaluate the potential for catalytic decomposition as a disposal method.

lo Positive Replies - Techniques

Aerojet Liquid Rocket Co., Sacramento, California

Allied Chemical Corp., Solvay, New York

Battelle Columbus Laboratories, Columl_us, Ohio

Bell Aerospace Co., Buffalo, New York

E. I. DuPont de Nemours & Co., Wilmington, Delaware

Engelhard Minerals & Chemical Corp., East Newark, Ne_ Jersey

Fisons Limited, Cambridge, England

FMC Corp., Environmental Equipment Div., Chicago, Illinois

FMC Corp., Industrial Chemical Div., New York, New York

Hercules Inc., Wilmington, Delaware

Marquardt Co., Van Nuys, California

Martin-Marietta Aerospace, Cape Canaveral, Florida

Martin-Marietta Aerospace, Denver Div., Denver, Colorado

Martin-Marietta Aerospace, Vandenburg AFB, California

McDonnell Douglas Astronautics Co., Cape Canaveral, Florida

McDonnell Douglas Astronautics Co., Huntington Beach, California

NASA - Johnson Space Center

NASA - Western Test Range

NASA - White Sands, New Mexico
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Olin Chemicals, Stamfotxl, Connt,ctieut

P_m American World Airw:lvs, t':q,e C:maveral, Florida

PI,t; Industries, Inc., Pittsburgh, l,emmylwmia

Rockwell International, Cape Canaveral, Florida

Rockwell International, Space Div., Downey, California

SAAB - Seania, Linkb*ping, Sweden

Shell Development Co., Houston, Texas

Sundstrand Aviation, Rockford, Illinois

Thermal Research & Engineering Corp., Conshohocken, Pennsylvania

Tri-Mer Corp., Owosso, Michigan

TRW Systems, Redondo Beach, California

United Aircraft, ttamllton St,'mdard Div., Windsor Locks, Connecticut

United Airer,n.ft, United Technology Center, Sunnyvale, California

USA I," Eastern Test Range, Cape Canaveral, Florida

USAF Western Test Range, V.'mdenberg AFB, California

Walter Kidde & Co., Inc., Belleville, New Jersey

Positive Replies - Suggestions

Battelle Pacific Northwest Laboratory, Richland, Washington

Boeing Aerospace Co., Seattle, Washington

Fairmonnt Chemical Co., Inc., Newark, New Jersey

Lockheed Missiles & Space Company Inc., Sunnyvale, California

Rockwell International, Rocketdyne Div., Canoga Park, California

Negative Replies

A and S Corp., Verona, New Jersey

Alloychem Inc., New York, New York

American Chemical & Refining Co., Inc., Waterbury, Connecticut

Chemec Process Systems, Inc., Tappan, New York

Dew Chemical Co., Midland, Michigan

Envirogenics Systems Co., El Monte, California

European Aerospace Corp., Greenwich, Connecticut

FECO, Cleveland, Ohio
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liawl<t,r Sidth,h,_ l_,n_uic_ IAd., llalfit:hl, llerts., England

ICN - K & K l_d_oratories, I_l:tinvicw, New York

Industrial Chemic_ and Dye Corp., Nc_v York, New York

lnstcl Corp., New York, New York

Joy M:mufacturing Co., Denver Equip. Div., Denver, Colorado

Kuehne Chemical Co., Elizabeth, New Jersey ,

Mallinckrodt Chemical Works, St. Louis, Missouri

McKesson Chcmicai Co., New York, New York

National Distillers and Chemical Corp., U. S. Industrial Chemical Co.
Div., New York, New York

National Polychemicals, Inc., Wilmington, Massachusetts

Seymour lVlfg. Co., Seymour, Indiana

Space General Co., El Monte, California

Universal Oil Products Co., Des Plaines, Illinois

Volvo Flygmotor Ab., Trollhattan, Sweden

Westinghouse Electric Corp., Infilco Div., Richmond, Virginia

I. No Reply

City Chemical Corp., New York, New York

Combustion Engineering Inc., Chicago, Illinois

Environment One Corp., Schenectady, New York

Erno Raumfahrttechnik GMBH, Bremen, West Germany

Farbenfabriken Bayer A. G., Leverkusen, West Germany

Hikari Chemical Industries Co., Ltd., Ohmiya City, Japan

J:tpml Hydrazine Co., Tokyo, Japan

Jones Chemicals, Inc., Caledonia, New York

Kr_fft Chemical Co., Chicago, Illinois

Mcsserschmitt - Boelkow - Blohm GMBH, Munich, West Germany

Mitsubishi Heavy Industries, Ltd., Tokyo, Japan

Monopole des Poudres, Toulouse, France

Mutchler Chemical Co., Inc., New York, New York

Office National D'eludes et de Recherches Aerospatiales, Chatillon, France

@
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Otsuka Chemic'tl Co., Os:tk:l, Japan

Pennsalt Chemicals Corp., Philadelphia, Pennsylv:mi:l

Rocket Research Corp., Redmond, Washington

Shepard Chemical Industries, Inc., New York, New York

Soeiete des Produits Doazotes, Lannemezan, France

Societe Europeene de Propulsion, Puteaux, France

Technologieforschung GMBlt, Stuttgart, West German)'

TRW, Inc., Environment_d Services, Redondo Beach, California

Uniroyal, Inc., Naugatuck, Connecticut

5. Not Deliverable

Astroage Corp., Buffalo, New York

E. R. Squibb and Sons, New York, New York

Ogden Technology Labs, lnc., Iqlrmingdale, New York

(_uimica Sintetiea, Madrid, Spain

Seaway Chemical Corp., Bttffalo, New York

Whiteley Hydrauliest Inc., Melrose, Massachusetts



B. THE RESPONSE

Table VIII presents an overview of the response detailed at the end of the

preceding section. "Positive" means a meaningful input to our study; "negative"

means a response to the effect that the firm is not concerned with the listed

propellants; "zero" means no response.

n

TABLE VIII

CONTACTS AND RESPONSES BY CATEGORY

C atogo ry Re sponse

Positive Zero

C hem ieal

Manufacturers

Users

Equipment
Manufacturers

Techniques

9

23

Suggestions

No

Response

1

4

13

7

Letter
Return

4 0 9 3 0

Totals 35 5 23 23 6

©

Only one American firm actuaUy known to be using hypergolic propellants

is included in the "zero" category, and that only after repeated attempts to gain

tlmir cooperation. Others in this category are firms that have gone out of

business, some that were considered remote possibilities, most of the overseas

organizations we attempted to contact, etc. One thing learned in performing

this study is that many "chemical companies" don't actually manufacture

chemicals. As we had anticipated, many of the smaller chemical companies did

not respond at all.
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menthol limitations.
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II. RESULTS OF THE LITERATURE SURVEY

The literature survey began with a computer search performed by the KSC

Library, which tried all reasonable pairings of the terms "propellant", "fuel",

and "oxidizer", as well as the seven specific propellant names, with "disposal",

"waste", and "pollution", searching back to 1966. No papers or reports were

found by this method. Further work, questions to people in industry, etc.,

turned up a few papers and reports, as listed below under "Primary Bibliography. "

In addition to these reports, there are also a large number of manuals

:u_l reports from the early 1960's on the handling of these propellants. These

manuals are adequately referenced by the various technical bulletins listed

below, and are not included in this list; the current availability of many of them

is uncertain, they are not primarily concerned with disposal, and of course

they do not help in ascertaining current disposal practice. Also of interest are

the sections in chemical and aerospace encyclopedias, etc., dealing with the

substances of interest to this study.

The article by Chase is an early description of the incinerator built at

Cape Canaveral by Thermal Research and Engineering Corp. in connection with

the Tit_m II program. The Conner and Gebhart report describes disposal

practices at the Bell Aerospace facility. Haskins' article is a very recent

description of Du Pont's work with hydrogen peroxide as an oxygen source for

the treatment of sewage in existing plants. The report by Ottinger et al is the

result of a very large study by TRW of disposal techniques for hundreds of

different hazardous materials. The Itutson report covers work done under

contract to the Air Force on the performance of the "SUE" incinerator as a

means of disposing of hydrazines and N204. The Smith report covers testing

of a flare burner at White Sands. The papers by Astor et al, Giauque and

Kemp, and Scott et al, all represent early, basic work on the thermodynamic

properties of hypergolic propellants, while the Fan and Mason paper is a more

recent, detailed look at the properties of equilibrium N204 - NO 2 mixtures.

Other papers on the properties of these propellants can be found via the Index

volumes of Chemical Abstracts, with the period 1948-1963 being especially

fruitful.
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In addition to these reports, a number of other papers that are of

some interest for this study, hut not directly related to propellant disl)osal,

are included below as a "Secondary Bibliography". This list is of course not

comprehensive, as the region of interest is essentially unbounded, but arc

included to simply give an entry point into some of the literature on aspects of

the chemistry of these propell,_ts that might be important to disposal con-

siderations.

It should ,'dso be mentioned that there exists a very large and growing

literature on the formation, effects, prevention, and removal of oxides of

nitrogt, n in atmospheric discharges. This literature is of inlerest ill connection

with the disposal of either of the nitrogen-based oxidizers :rod also with

combustion - based disposal of hypergolie fuels.

_J
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Ill. DISPOSAL METHODSRECOMMENDEDBY THE CHEMICAL INDUSTRY

These methods are taken from the technical bulletins and data s]:ects

listed in the Literature Survey, Section II above.

I. Anhydrous Hydrazine (Source of information: Olin Chemicals)

"Waste hydrazine from spillsor process effluent presents n problem

of neutralization prior to sewering. Commercial calcium hypochlorite,

containing 70% available chlorine (IlTH), provides ,'inides solution

to this problem. The reaction between the hydrazine and calcium

hypochlorite yields nitrogen and calcium chloride. Other decontami-

nants may also be used (see Table IX).

"Drains from areas of hydrazine handling should lead to a sump or

holding pond where neutralization can be effected in a very dilute

solution. One mole of calcium hypochlorite is required per mole of

hydrazine. On a weight basis this is equivaJent to 6.4 pounds of

HTH per pound of hydrazine. Recommended usage is seven to ten

pounds of HTH per pound of hydrazine to provide an excess of HTH.

This is roughly equivalent to 0.6 to I,0 per potmd of IITH per gallon

of 1% solution of hydrazine.

"Neutralization of hydrazine with HTH is complete and rapid at pH

5.0 to 8.0. At lower pH, the reaction is complete, but may require

a longer period of time. At higher pH, the reaction may not proceed

to completion.

"A dilute solution of hydrogen peroxide may also be used to neutralize

dilute hydrazine wastes. One mole of hydrogen peroxide is required

per mole of hydrazine. A slight excess of peroxide is recommended

to-ensure complete destruction of the hydrazine. The addition of a

trace anlount of copper sulfate will catalyze the reaction, causing it

to proceed more rapidly.

{ !
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"For l_xrger quantities, dispos._l is usually carried out by burning in

increments in a small, concrete-lined pit. Hydrazine ,and aqueous

solutions of hydrazine are placed in the pit by means of a pipe or surface

chamml. The hydrazine can be ignited by an igniter (squib-fired),

an oxidizer such as nitrogen tetroxide, or a torch. Concentrations

as low as 40 percent by weight h vdr,qLzine in water can be burned.

Concentrations lower than 40% can be burned by enriching the dilute

mixture with a soluble flammable liquid, such as alcohol. "

©

Table IX.

Decontaminant

Deeontamtnants for Hydrazine Investigation

Possible

Reaction Products
Approx.

Iteat Liberated
Kcal/Mole N 2H4

H 20 N2H4 xH20 3.9

NaHCO3 (N2tt5)2 CO3 Na2CO3- l0

II 3 BO 3 ='_salt 5

l<_lnO 4 N2 177

II._, C_2 NIl3, N 3 II 91-121

C12gas I1Tll N2 lt;0/177

T! •
V.E. Scott, J.J. Burns, and B. Iewis, Explosive Properties of Hvdrazine."

l_eport on Investigations 44{;0, U.S. Inept. of the Interior, Bureau of Mines,
Pittsburgh, Pa., May 1949.

'2. Monomethyl Hydrazine (Source of information: Olin Chemicals)

'q'o reduce fire hazards, spilled MMH may be diluted with large

amounts of water and neutralized by dilute hydro-chloric acid
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or sulfuric acid. This procedure ensures the trapping of MMI_ vapors

and forms a MMH-type salt.

"Diluted MMH, while no longer a fire hazard, may still be dangerous

if not disposed of properly. MMH must not be permitted to drain into

a potable water system. Provisions must be made to permit liquid

drainage into a disposal area where it may be burned in small incre-

ments oi' decomposed I_y a chemical decontaminant such as calcimn

h_ochloritc (HTIt tin ) or hydrogen peroxide.

"Empty drums and containers should be rinsed with water all(| steamed

for 15 minutes to remove toxic and flammable vapor. "

UDMtl (here referred to by the trade name "Dimazine'5 (Sour(',' of

information: FMC Corp.)

"Equipment can generally be decontaminated rather simply by thorough

flushing with large volumes of water or withdilute acid. It may be

conveniently steamed there.xfter. It should, of course, be thoroughly

dried prior to return to Dimazine service, making sure that no water

has been trapped at low points in the system.

'_ur suggestion for deliberate destruction of comparatively large

quantities of Dimazine is to burn it under proper supervision and safe-

guard. This technique has been successfully used in the field. Small

quantities such as minor spills, etc., usually can be disposed of most

conveniently through sewcring with water.

"Copious water flushing is recommended for personnel decontamination."

. Hydrogen Peroxide (Source of information: Manufacturing Chemists

Association)

"Hydrogen peroxide is an exceptionally pure product and contains no

contmninants that would cause surface water pollution, or interference

with se_age. Its decomposition products are pure water and oxygen.

Ilowevcr, strong hydrogen peroxide should be diluted with copious
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qufuntiiies of walen" I_t'fort, di._posal to prevent strong reaction with

org:lnlit, nHlt,rials :lml I,, I_n',';'_'zll i,lit0ry to fiRh life .sinc¢, there is

flOl_lt" [,vid(:n¢o Ih:ll hil,_h ('(Hl('('lll r:l| ions o1' hydrog,,n pc;roxide :_re

harmful to certain fish. (_c "l'rt'al.ment of Waste Waters Containing

Hydrogen Peroxide, llydrazino, and Methanol, " Chemistry

Industry, 1951, i104-(;.) Since certain agencies of local, State, and

Federal governments have been established to protect our streams,

all rules and regulalions applying to a given location should be

ascertained and observed.

'_rhe treatment of a decomposing container of hydrogen peroxide will

depend upon several factors, such as the stage at which the decom-

position is first discovered, the degree of contamination as indicated

by the rate of temperature rise and the volume of hydrogen peroxide

concerned. It should be noted that the rate of decomposition increases

exponentially with temperature, 1.5 times for each 10 o F. rise. Any

container of hydrogen peroxide, if grossly contaminated, might rupture

from decomposition pressure, or be subject to vapor explosion above

the peroxide, if excessive temperatures are reached...

"A drum of unstable h),drogen peroxide should be taken quickly to an

isolated place, uncapped, and either overflowed with a water hose or

tipped over and emptied as fast as possible, washing the peroxide

away with plenty of water. However, if it has reached the point of

boiling, or spewing steam from the vent, personnel should evacuate to

a safe distance since the drum will probably rupture violently within

a few minutes. When this occurs the area should be washed down

liberally with water.

'% decomposing tank of hydrogen peroxide requires different treatment.

Decomposition is evidenced by self-heating or bubble action. The

addition of phosphoric acid (reagent grade - 1 lb. for each 100 gals.

of H202 solution) may arrest the decomposition at this early stage. The

tank should be watched closely ,and precautions taken in case decom-

position is not checked.
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"If Ihl, I.(,nili{;rfiturl' of Ih(, I;ivlk (.onl;inues {o ri,i-lt; its i_l)nteill,s sh_)uhl

Ix, disl}o_t'd i)f lL_,l'ili'e il i'{,;il'ht',_ ;t lioini 150 F higher than the

silrroundings. A clt,an fire hose, without brass or iron [ittings,

should I)c inserted lhrough tim tank manhole to the bottom of the tank

and the tank's concents diluted with a large amount of water and

discharged as fast as possible by overflowing through the manhole or

other means. This whole operation is facilitated if the tank is

equipped with an aluminum deluge pipe reaching to the bottom of the

tank with a remote coupling for water. In any event, loss of the

peroxide is preferable to loss of the tank itself.

"Discarded peroxide from either a drum or tank should go to ,an

open body of water or drainage ditch, preferably containing water.

If any peroxide goes into a sewer or closed drain, there shouhl be no

comi)ustibles and large volumes of water should be added to the drain

along with the peroxide. "

Nitrogen Tetroxide (Source: Ilerculcs Inc.)

"Spills should be flushed to a collection stunp and neutralized with soda

ash or other alkali. "

Also, "rransfer io salvage vessel. Neutralize with soda ash or lime.

Keep from sewer or stl_ams. "

Nitric Acid

(First source: Mantffacturing Chemists Association)

'q_ilute and neutralize before disposal. Do not flush down dr,_ ins where

the acid will eventually pollute stremns, city sewage systems, etc. "

(Second source: Hercules Inc.)

"Neutralize with soda ash or lime. "

L ;J
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IV. DISPOSAL RECOMMENDATIONSFROM THE TRW STUDY

All material in this section is taken directly from TRW Report No.

21485-6013-RU-00, prepared for the Environmental Protection Agency, by

R. S. Ottinger et al (see the Literature Survey, Section II above.)

1. Hydrazine

Hydrazine as a waste will generally be encountered as excess material,

as contaminated material from spills, or in aqueous streams from chemical

process industries. Because of the hazards involved (unpredictable

decomposition), hydrazinc is usually not recovered in a concentrated

form from contaminated or dilute systems. In ponds or holding tanks

dilute hydrazine is decomposed by the air and bacteria into nitrogen,

hydrogen, water and ammonia. In a concentrated form, hydrazine is

destroyed by burning.

The safe disposal of hydrazine is defined in terms of the recommended

provisional limits in the atmosphere, water and soil. These recommended

provisional limits are as follows:

Contaminant in Air Provisional Limit Basis for Ibecommendation

llydrazine O. O1 ppm O. O1 TLV

Provisional Limit

Contaminant in Water

mad Soft

l 1vdrazine 1.0 ppm

Basis for Recommendation

Qumatity will rapidly oxidize

to near-zero concentration

Hydrazine is generally destroyed by oxidation to water and nitrogen.

In dilute solution, dissolved oxygen, catalysis, or bacterial action convert

hydrazine to nitrogen, hydrogen, ammonia and water. Therefore, there

are no problems in dealing with the products from waste treatment.



Current disposal practices for h vdrazine are briefly described in the

tollowing paragraphs together with recommendations as to adequacy.

Option No. 1 - Open Pit Burning

Hydrazine poured into an open lined pit is burned to nitrogen and

water. The transfer of the hydrazine and the ignition must be accom-

plished by a remote means. For drum quantities of hydrazine this

method is generally acceptable although since excessive NO x might be

generated another option would be preferred.

Option No. 2 - Incineration

The Air Force has a minimum of ten trailer-mounted incinerators

capable of incinerating up to 6 GPM of hydrazine in a variety of mixtures

with water (from 100 percent hydrazine to 100 percent water). The

effluents from tim units is limited to 0.03 lbs/mln NO when incinerating
x

hydrazine. These units are acceptable for disposing of large quantities

of hydrazine.

Qption No. 3 - Catalytic Decomposition

One of the applications for hydrazine is its use as a monopropellant.

When hydrazine is passed over a support (usually aluminum oxide)

coated with certain metals or metal oxides, it is decomposed into nitrogen,

hydrogen ,and ammonia. The details of catalyst composition are usually

found in the classified literature. In most cases the catalyst is expensive,

but TRW Systems has preliminary data on a low cost catalyst that should

bc further investigated.

Recommended Treatment: Controlled incineration with facilities for

effluent scrubbing to abate any ammonia formed in the combustion process.

2. Hydrogen peroxide

Concentrated hydrogen peroxide is a powerful oxidizing agent. Rapid

decomposition is hazardous. Wasted concentrated hydrogen peroxide can

be disposed of by dilution with water to release the oxygen. Agitation

would accelerate the decomposition. After decomposition, the waste stream

may be discharged safely.
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3. Nitric Acid.

Waste streams containing acids, acidic oxides, or bases cm, be

treated by neutralization (1) to form a neutral solution which can then

be discharged safely, or (2) to yield an insoluble precipitate which can

be removed by filtration.

For the acids, acidic oxides and halides, soda ash-slaked limt:

solution is most commord.v used. In the case of nitric and hydro-

chloric acids, the neutral solution of nitrate or chloride of sodium and

calcium is formed and can be discharged aftor dilution with water.

Anlmonium hydroxide may be neutralized by nitric acid to l'orm a

solution of ammonium nitrate which can be used as fertilizer.

Nitric acid forms a constant-boiling azeotrope with water (68_

NHO 3 _ o_._,°°c"H20). The normal boiling point of the azeotrope is 120.5°C

Hence, under certain conditions, spent nitric acid can be recovered by

steam distillation to yield concentrated acid.

Recommended treatment: Soda ash-slaked lime is added to form

the m, utral solution of nitrate of soditun and calcium. This solution

can be discharged ,'tftcr dilution with water.

O
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V. CURRENT DISPOSAL PRACTICES

This section lists, propell_mt by propellant and eomptmy by company

for em.h pt'opellant, the actual current disposal practices for each "user"

org_mization, insof-w as we have l)cen able to ascertain them. In order to

facilitate our access lo frank, correct, and detailed information, all of these

org_mizations were promised that the information furnished would not be

identified as to source. For that reason, all organizations are referred to

below in terms of a number rather than by the organization name. A total of

eighteen organizations are represented in this section; the other organizations

listed earlier under "Positive Replies" include chemical mamdacturers,

other organizations that provided us with general advice on disposal methods

rather than being able to describe current activities of their own, and disposal

activities described separately in Sub-section G below, "Disposal at the

Eastern ,and Western Test Ranges. " It is our belief that these eighteen

organizations account for virtu,'dly all of the propellant- disposal activity

currently being carried out in this country outside of ETR and WTR. It should

bc emphasized that the code numbers arc used in this report only in the case of

organizations actually describing their own current disposal activities.

The overaU lew:l of activity in hypergolic propellant disposal is clearly

much lower now than several years ago; some organizations that formerlx' handled

large quantities of these propellants as part of their everyday routine have not

handled signific,-mt quantities for some time, ,and many of the people who were

most familiar with propellant disposal practices have moved on to other positions

of out of the aerospace industry. On the other hand, those organizations still

involved with hypergolie propellants have by and large improved and refined

their disposal practices considerably over the past several years.

In the list that follows, the treatment of hydrazines posed a problem. We

are specifically interested in four types of hydrazine propellants: N2H 4, MMH,

UDMH, and Aerozinc 50 (50% N2H 4, 50% UDMH.) Most disposal practices,

however, do not differenUate between the various hydrazines - an incinerator or

holding pond used for hydrazines, for example, will normally be used for any
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of the hydrazines needing disposa], without discrimination. For that reason, the

following listfirst treats disposal mctlu_s that soem to be used for any

hydrazinc the organization needs to dislxose of. The following sections per-

taining to specific hydrazlnes include only additional information not included

in the first section. There is no separate section for Aerozine 50 or UDMH,

since we have discovered no disposal techniques that are specifically

applicable to these propellants and not to other hydrazines.

Primary attention on the part of most of the cooperating organizations

was given to liquiddisposal, as indicated below, with vapors often simply

vented to atmosphere. N20 4 is the only propellant of interest that will boil

away ifleftunpressurlzed in a warm environment (itsboiling point is 70. l°F

(21.15°C) at I atm), although RFNA gives off NO 2 vapors (the '_umes'_. UDMH

has the lowest boiling poi_ of the three hychrazines: 146 ° F (63°C) at l atm.

Past practices (since discontinued) mentioned by several organizations,

such as pouring waste propellants on the ground in remote areas, etc., are

not included in the following list. In addition, simple venting of vapors to the

atmosphere and transferring deluge water to holding ponds were mentioned

by several organizations in connection with all the propellants, and are also

not included in the list. The more significantcurrent practices that were

reported to us are listedbelow. In most cases, the descriptions are based

directly on written or verbal descriptions given to us by representatives of the

organizations concerned. In a few cases, they are based on our own facility

visitsand first hand observations.

1. Liquid

#i

#2

A. HYDRAZINES- GENERAL

burns smaU quantities in air or with N204

dilutes concentrated wastes with water (at least to 50%)

and burns with excess air in a combustion chamber designed

for the purpose. The combustion is initiated by

a fire-brick heat sink which is preheated with propane to

provide positive ignition and insure complete combustion.

Water based flush fluids and similar low concentration

wastes are dumped into one of two holding ponds. One is

a square pit agitated by bubbling compressed air at two

©
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#3

#4

#5

#6

#7

points; the other is a ¢litt'h extending about one mile past

the p_inl at which it last t-e(,cives effluent, l_ecause of

addition _1" _,xidizer w_'tstes t_ the same h_lding ponds, the

contents :trc normally acidic; automatic monitoring and

neutralizing stations at each pond measure the p}[ and

add NaOH solution until the pH exceeds 6.5. At this point,

the station automatically begins pumping fluid from the

pond over the dam until the pH again drops.

burns waste hydrazines in an incinerator, by over-stoichiometric

burning followed by a water quench to 2000°F and reburning

to eliminate CO and H 2 products.

dilutes amounts of less than one gallon with water and

neutralizes. Quantities larger than one gallon are disposed

of through "licensed disposal companies. " Some wastes are

consumed by burning if the propellant plus contaminant will

support combustion.

uses large enough quantities that it is feasib_[e to mix out of

specification hydrazines back in with the main supply without

seriously degrading the main supply. They have also

disposed through combustion in a simulated rocket engine with

N204 •

uses open pit burning in a remote area; combustion is

initiated by throwing in a burning towel. In addition, spills

are flushed with volumes of water to a concrete-lined lagoon,

where hydrogen peroxide and copper sulfate catalyst are added.

uses a water deluge system and a large fume scrubber to

capture all hypergols. They are neutralized in underground

sumps and then consigned to a disposal contractor equipped

with tank trucks for final disposition. They can also be used

to neutralize the nitric acid effluent from N204 vapor scrubbers-

see the description under N204 vapors.
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#8

#9

_10

#11

¸:...7)
disposes of small quantities by burning: larger quantities

are turned over to another organization on this list for

disposal in an incinerator.

disposes of aqueous solutions with hydrazine concentrations

between 1% and 40% in an incinerator, fired by diesel fuel,

at 2700°F. Contaminated fuels, (which may contain small

amounts of oxidizer or flush fluids) are collected in a

holding pond, diluted to 40% fuel or less if necessary, and

fed to the incinerator. Wastes with less than a 1% con-

centration of fuel are chemically treated as follows:

(1) . 01 pound of copper sulfate is added for each 1000

gallons of waste.

(2) The pH is adjusted to between 7.0 and 8.5 by adding

a 50% solution of NaOH, or nitric or sulfuric acid,

as required.

(3) Hydrogen peroxide (35% strength) is added. :_)

(4) After mixing, the fuel concentration should be less

than 0.5 ppm, and the pH between 6.0 and 8.0. If

so, the wastes are surface drained; if not, the

procedure is repeated starting at step (2).

flushes with water and drains to an open sump; contaminated

propellant may also be added directly to the sump. Contents

of the sump are periodically disposed of in an incinerator,

fired by natural gas, at 1900°F.

uses four 300,000 gallon oxidation ponds. Oxidation is by

air contact at the pond surface (not aeration, although this

modification is being considered). Oxidizer wastes, when

available, are transferred to the same ponds. The ponds

are sometimes emptied when the concentration of MMH is

at or below 1 ppm, although evaporation at this site is far

more important than rainfall and the ponds are usually

allowed to sit even after the hydrazine content is no longer _ _

measurable.
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#12

Vapors

#2

#5

on the other hand, is in :m area where heavy rainfall

predominates, ,and mechanisms were required to quickly

decompose the hydrazine in their 500,000 gallon holding

pond to allow liquid removal prior to overflow. The

solution was an aeration system consisting of two large H-

shaped manifolds in the bottom of the pond. The manifolds

are supplied with either air from a compressor, or bottled

oxygen. Very large bubbles are generated, and considerable

liquid motion throughout the pond results. In addition,

catalysts (both copper sulfate and rusty steel containers)

have been used, and chlorine gas can be bubbled into the

pond. The pond is concrete, 8-10 feet deep with sloping sides,

,and the normal mode of operation is with compressed air.

Oxidizer wastes can be added to the same pond, but are not

normally encountered.

vents to atmosphere but does not risk releasing unless

atmospheric conditions will reduce contaminant concentrations

below threshold limit values. This determination is based

on data,taken at micrometeorological stations at each vent

site,on wind direction, velocity, gustiness, and thermal

lapse rate at 2 ft., 50 ft. and 100 ft. from ground level.

Prediction is based on standard mixing models, modified by

empirical corrections for local conditions.

pressurizes vapors with N 2 and vents through a scrubber.

Water from the scrubber is flushed down trenches to a 100,000

gallon concrete holding pond, which is agitated by a

reclrculating pump. pH in the holding pond is normally on the

acid side; NaOH is added to neutralize it and a reagent used to

check for free hydrazine radicals. If too high a concentration

is present, copper sulfate and dilute H202 are added. When

the contents look good, they are pumped out to a series of

holding ponds stairstepping down the side of a hill, all of
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#6

#7

1. Liquid
• i

#13

#14

1. Liquid

#7

#8

which are continually monitored. Deep water wells in the

area are also periodically checked. (This system relies

on abundant supplies of water and good laboratory backup).

The scrubber is a 14 inch diameter stainless steel pipe,

20 feet long, with water spray. Originally, a stainless

steel tub with a tall stack was tried, as well as a

recirculating NaOH spray rather than water spray. Another

variation is an aspirator, in which vent vapors are entrained

in the water flow at a number of low pressure points.

vents to atmosphere using a large blower. A small weather

station at the test cell monitors wind velocity and direction,

and venting is carried out only if the wind is in a favorable

direction and above a specified minimtun velocity.

uses fume scrubbers - see above under Liquids.

B. ANHYDROUS HYDRAZINE (N2H4)

dilutes 100 to 1 with water and drains into the ground. A

neutralization system consisting of a series of trenches and

two 1500 gallon holding tanks is being constructed. The

material in the holding tanks will be neutralized with a 12 1/2%

solution of sodium hypochlorite. When free C [ is sensed in

the solution the neutralized material will be drained from

the tanks to a pond.

burns off small quantities in a 10 ft. by 20 ft. steel pan,

ignited by a gas flame.

C. MONOMETHYL HYDRAZINE (MMH)

neutralizes small amounts using hydroxyacetic acid.

flushes residuals with isopropyl alcohol and transfers to ._

another organization on this list for disposal in an incinerator.
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Liquid
I

#1 pours on bare ground and flushes with water

#5, #6, #9, and #11 use H20 2 to aid in disposal of hydrazines, and

for treating holding ponds.

#15 disposes of small quantities in the laboratory using a

platinum or silver screen as catalyst. Large quantities

are diluted with water to between 25% and 40% I-I202 and

decomposed by catalyzing with caustic. At 212°F and a

caustic level of 0.5 - 1% NaOH, decomposition is more

than 95% complete in one hour.

#16 has diluted small quantities with water and discarded to

the ch-ainage system.

Liquid

#i

#2

_4

#5

#6

E. NITROGEN TETROXIDE (N204)

dilutes with water and neutralizes with sodium carbonate, or

alternatively burns with hydrocarbons or other fuels.

pre-dilutes with water and dumps into the same holding ponds

that receive dilute hydrazines; see Hydrazines - General for

additional description and treatment.

treats as described under Hydrazines - General

dilutes and adds to holding pond - see Hydrazines - General for

additional description and treatment. Alternatively, allows

to vaporize; see following section for treatment of vapors.

pours small quantities into the concrete-lined lagoon

mentioned above under Hydrazines - General. Alternatively,

it is allowed to vaporize and treated as described in the

following section.
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#8

#9

#ll

#17

Vapors

#2

#5

has ntml ,.:tltzc,d sm:,ll qu:mtities with I ric, tlrlnc_huninc.

Largt_r qu:miities (roughly 8 gallons) caused violent reaction

with trieihanolan_ine, and explosion. Currently both neat

N204 and halocarbon solvent contaminated with N204 are

shipped to the NASA facility at White Sands, N. M. for

disposal. This organization also attempted to use Molecular

Sieve 13X material, on the recommendation of another

organization; their experience was that the material is per-

maaently degraded by N204 contact and that violent reaction

is likely.

transfers their waste to other organizations on this list for

disposal. In addition, small quantities are wiped up with a

neutralized (sodium bicarbonate) wet sponge. The sponges

are then placed in a neutralized solution contained in a

stainless steel bucket. This solution is subsequently disposed

of by a commercial disposal service. Residuals are flushed

with Freon MF and dumped into a holding tank for later

disposal by a commercial disposal service company.

dilutes to less than 5% concentration and neutralizes with

caustic. The waste is then pumped into the ocean.

adds oxidizer wastes to the same holding ponds described

above under Hydrazines - General.

has returned N204 to Hercules Inc.

vents to atmosphere, with the same precautions as described

under Hydrazines - General.

pressurizes vapors with nitrogen gas and sends them through

a scrubber as described under Hydrazines - General (not

the same unit, of course) and thence to the system of holding

ponds previously described.
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tt6 vtmts val_rs Ihrough :l i,rol_nne-fuelcd I'laro.

/?7 captures small qu:tnlities of N204 vapors I)y spargin_ through

water drums. The contaminated water is then shipped to the

NASA facility at White Sands, N. M., for disposal. This

organization also uses a large water scrubber of their own

design. Water enters through a series of downward-pointing

spray nozzles, with layers of stainless steel shavings below

each nozzle to slow and hold the water. The effluent, which

is dilute nitric acid, is neutralized after it leaves the scrubber,

either chemically or by mixing with diluted hydrazine fuels.

#11 and #12 have both used propane-fueled flare burners in the past,

but no longer use these units.

Uquid

#1

#2

#4

#16

F. INHIBITED RED FUMING NITRIC ACID (IRFNA)

dilutes with water and then neutralizes with sodium carbonate.

treats in the same way as N204.

same treatment as hydrazincs and N204, except that water

scrubbing of the combustion gases is needed for removal of

HF emissions.

has in the past absorbed and neutralized small quantities in

an alkaline solution, with the spent solution being discarded

to the drainage system.

neutralizes spills from leaking rocket motors using a suitable

alkaline.
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G. DISPOSAL AT THE EASTERN AND WESTERN TEST RANGES

Current (and recent) propellant disposal operations at the Eastern Test Range

arc primarily associated with one of three progr:uns: Saturn, Titan, and Delta.

In all three cases, vapor disposal occurs at the launch site, with liquid wastes

being transferred to the service contractor, Pan American World Airways, for

disposal elsewhere. Pan Am's disposal operations are included in the coded list

above.

The three vapor disposal operations are all different. Both Saturn and Titan

launch operations vent to atmosphere, Saturn through large trailer-mounted

blowers and Titan through a tall stack (N204 only - hydrazines are vented directly

to atmosphere), while scrubbers are used at the Delta launch pad.

The blowers used for Saturn operations are large trailer mounted units

with air flow capacities of 190,000 cfm each. Vent vapors - Aerozine 50 and

N20 4 vapors are fed to trailers situated on opposite sides of the pad - pass

• through liquid-vapor separators and then are introduced into the air streams

produced by three large fans on each trailer. The primary purpose of the fans

is dilution, although the plume on the oxidizer side is still said to be highly visible,

indicating a concentration of over 75 ppm in the plume. Maximum vapor flow

rates are 0.2 pounds per minute fuel, 1.9 pounds per minute oxidizer.

The oxidizer vent stack at the Titan facility is a four inch diameter stainless

steel tube, approximately 200 feet high. This facility also uses a 28,000 gallon

tank for oxidizer wastes, and a small concrete holding pond for fuel wastes, both

of which are emptied periodically by the service contractor. The preferred

approach for oxidizer spills is to allow them to evaporate, rather than flushing

with water to create a nitric acid waste.

The Delta facility uses a water scrubber for hydrazine vapors, and a baking

soda (5% NaHCO 3 solution) for nitrogen tetroxide vapors. Poth scrubbers are

physically small (four to six feet high) and the liquid effluents from both are

allowed to run into a concrete holding pond.
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At the Western Test Range, the major difference is that there is no

service contractor to whom wasle i)rol)cllanls can be transferred for disposal.

Propellant use is primarily associated with Titan and Delta operations.

At the Delta launch site, identical scrubbers to those used at the Eastern

'rest R:mge have been installed, but are not in use. A small concrete holding

pond has recently been installed just downhill from the pad for spills, con-

taminated wastes, etc. Venting is to the atmosphere.

At the Titan facility, N204 vapors are vented through a propane-fueled

flare burner, and the hydrazine vapors are vented directly to atmosphere if

wind direction and velocity are satisfactory. Adverse wind direction or lack

oI wind can shut down operations. A 3 knot minimum wind velocity is observed

for operation of the flare burner to preclude local accumulation of toxic vapor

in ease of flame-out. Liquid hydrazines are disposed of by diluting between

3 and 5 to 1, transferring to a water pit, and neutralizing with a 16% sodium

hypochlorlte solution. Each pad has a holding tank, and it is possible to burn

up to two gallons at a time in small basins, although this ha.q _ot been done in many

years. Quantities of greater than thirty gallons are supposed to be taken by

tankers to the U.S.A.F. for disposal, but this course of action has not been

necessary.

The Air Force does not have any means of disposing of waste propellants

at Vandenberg, but is experimenting with spray aeration at a small concrete

holding pond.
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H. COMMERCIAL _LANUFACTURE OF NITRIC ACID

One method for removing N204 vapors from pressurization gas is

absorption (scrubbing). This process is similar to the one used commercially

to manufacture nitric acid from NO 2. Itmay be economically feasible to

produce usable nitric acid from the waste by using gas absorption.

Commercial nitric acid is manufactured by introducing NO 2 gas into an

absorption tower. The two dominating reactions are:

3NO2(g ) , H20(I )_ 211NO3(1) + NO(g) , H =: -27.1 KcaI

2NO(g) _ O2(g ) _ 2NO2(g ) , H = -32.2 Keal

1
There is an air rich environment in the tower to promote the oxidation of NO.

The oxidation of the nitricoxide to nitrogen dioxide is the slowest reaction

with its equilibrium most favorable at lower temperatures. The reaction is

usually carried out in absorbers with considerable capacity and provided with

cooling. Because of the decrease in volume this reaction is favorable under

pressure according to Le Chatelier's principle.

The reaction: 3NO 2 _ H20-b2HNO 3 4 NO is a gas absorption phenomenon.

This reaction rate is the limiting factor for sizing the scrubber. The reaction

rate is increased by employing an absorption tower under pressure, cooling

the tower and using counter current air flow. 2 The rate can also be increased

by using packing such as Raschig rings or Berl saddles. Packing is used to

incrcase the surface area or expose new liquid to the surface, thus increasing

the rate of absorption. Ifthe absorption tower is operated at atmospheric

pressure an acid containing 50-55% HNO 3 can be produced.

©

1Clark, R. L., W. L. Faith and D. B. Keys, Industrial Chemicals.

John Wiley & Sons, Inc., New York, 1950.

"Shreve, R. N., Chemical Process Industries.

York, 1956.

McGraw-Hill, New
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VI. SPECIALIZED EQUIPMENT AND OTHER SOLUTIONS

Of the many incinerators now on the market, at least a few seem suitable

for propellant disposal. Two have seen considerable use for this purpose

already. One, designed by Thermal Research and Engineering Corp., of

Conshohocken, Pa., has been in use at Cape Caaaveral over a decade and

stillseems to be giving very satisfactory performance; ithas been used for

aqueous solutions of hydrazines and N204, and for hydrocarbon fuels. Thermal

has not designed any other incinerators for this purpose since then, but is

stillactive in burner design and emissions control. Another incinerator, built

by Hirt Combustion Engineers of Montebello, California, in 1968 for one of

the companies we contacted, is stillin active use for disposing of aqueous

solutions containing hydrazines and has also been used for hydrocarbon fuels

and exhaust gas. In addition to these, the Marqtmrdt Company of Van Nuys,

California markets commercial fume incinerators and liquid incinerators

which are an outgrowth of their work in aerospace propulsion,and have run tests

on disposal of N2H 4, UDMH, and N204 in their Sudden Expansion (SUE)

incinerator. More detailed descriptions and evaluations of all these incinerators

are presented in the section of this report covering Phase 2, Evaluation of

Current Disposal Methods.

A related development, by Martin-Marietta Corp., Denver, Colorado, is

a propane-fueled, orfficed circular burner. This flare burner has only been used

for N204 vapors, although itcould perhaps be modified to handle hydrazine

vapors, Itis also covered at length in the section on Phase 2. TRW Systems,

Redondo Beach, California,suggested "consideration of the concept of burning

the propellants in a work horse engine. Such a capability is available at TRW

although ithas not been used specifically for disposal of propellants."

TRW'also commented that filtrationthrough a simple filterscreen or

strainer is often successful in removing suspended particulate matter and

returning propellants to specification.
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Shell Development Company's Chemical Research Laboratory in

Houston. Texas, commented , "Although one of our customers in West

Gt'rn_:lny has indicated that lilt' 3" successfully ust;tl Shell -t05 Cat:dyst to

remove t races of hydrazinc from organic process streams, we do not

consider its use for disposal purposes as ecolmmical (the catalyst currently

sells for $2950.00 per pound ,and is subject to poisoning by chemical

irnpu titles). '_

The use of tI202 in sewage treatment was described by Du Pont in

the article mentioned in the Literature Survey, Section II. The H202

provides an additional form of oxygenation or aeration to satisfy metabolistic

requirements of micro-organisms. The reactions are:

(1) 2H202---_ 02 + 2H20

(2) Organics + 02 bacterial- CO 2 + H20 + bacteria sludge

The It20 would be especially effective during periods of mechanical failures

or overloads.

Allied Chemical Corp., Solvay, New York, recommended the following

procedure for the disposal of IRFNA: "Unwanted material may be disposed

of by addition to a large volume of water containing an alkali such as caustic

s_xta or soda ash to neutralize the acid and calcium eb_loride to precipitate the

fluoride. The mixture should be settled and checked to be sure the pH is 7

or higher before decanting to waste. The sludge should be taken to a landfill

area for disposal."

Fisons Ltd. of Harston, Cambridge, England, a hydrazine manufacturer,

recommended the following reactions for disposal of concentrated hydrazine

solutions:

(1) With alkaline H202 in the presence of iron or copper (lI) salts.

N2H 4 + H202-_N 2 _ 4H20
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(2) Wilh t'XCt'S.'_ ._ollilolll h._'l._chlorih':

N21!L _ 2 N:I(K'L-._2NaCI t 2tt20

(3) With atmospheric oxygen in the presence of copper (I1) salts.

N2H 4 + O2-'_N 2 + 2H 20

A few manufacturers stated that there might be limited possibilities

for recycling contaminated propellants. Hercules Inc. wrote, "We could

possibly rework N204 to reduce water content and adjust oxides content.

Some contaminants, however, may not be acceptable in our plant. Each

rework would probably requirc prior submission of an analysis showing

impurities and a sample for our verification." They further stated that

IRFNA reprocessing would be impossible because of the hydrofluoric acid.

Similarly, PPG Industries expressed possible interest in reworking

hydrogen peroxide, and Fairmount Chemical Co., Inc. is interested in

purchasing N2H 4 "unmixed with other compounds."
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I. IN'I'I{()I)t]C'I'ION

Phase 2 was concerned with evaluation of current disposal methods,

primarily in terms of their effects on the environment. The objective was to

identi_ those methods suitable for further application as new disposal needs

arise, and to identify requirements for new technology, if they exist, or areas

where advances in the state-of-the-art offer especial promise. This study was

not concerned with identifying any specific current environmental problems.

The sections that follow describe and discuss all of the current disposal

methods identified during Phase 1, starting with those used for the hydrazine

fuels and proceeding to nitrogen tetroxide, inhibited red fuming nitric acid, and

hydrogen peroxide, in that order. In order to avoid repetition, material that

is pertinent to more than one disposal method, or more than one propellant,

is usually presented just once when it first comes up, with the result that the

earlier sections are as a rule more comprehensive than the later ones.

In the case of IRFNA disposal, we departed somewhat from our rule of

treating only disposal methods actu'_lly in current use, as IRFNA usage in

significant quantities is practically nonexistent at the present time, as far as

wc could determine. However, the combination of the close similarities between

IRFNA .qnd N204, and between IRFNA anti concentrated nitric acid, led us to the

conclusion that potential disposal methods for IRFNA can, in many cases, be

evaluated on the basis of current e.xperience. (Oxides of nitrogen and their

chemical mid photochemical reactions in the atmosphere have been studied

intensively in recent years, _md nitric acid is used in large quantities by the

chemical industry.) The speci:tl problems associated with the HF content of

IRFNA are treated in the portion of this report on Application Studies (Phase

3).

The reader's attention is also called to the condensed evaluations that

were presented in Tables I through IV of the Summary Report section, pages

12 through 17 of this report.
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II. DISIK)SAL Ol,"LIQUll) I1YDI_AZINES

A. INCINERATION

II.A. 1. Current Applications

In Phase i of this study, it was found that two organizations are

currently incinerating aqueous solutions of hydrazines and, in one par-

ticular instance, a solution of MMH in isopropyl alcohol. One incinerator

uses natural gas as primary fuel and maintains a flame temperature of

1900 OF; the other uses diesel fuel and maintains 2700 OF or higher (3200 ° F

was also mentioned).

The TRW studylrecommcnded controlled incineration with effluent

scrubbing to eliminate any anunonia formed in the combustion process.

In addition to the two organizations actually using incinerators for

the routinc disposal of hydrazines, the Marquardt Company of Van Nuys,

California, has done extensive development, testing and evaluation work on

:m incinerator for hydrazine fuels. The evaluation phase of the work was
2

ftmded by the Air Force Rocket Propulsion Laboratory , and is described

in greater detail under "bases for evaluation" below.

1R. S.-Otttnger, J. L. Blumenthal, D. F. Dal Porto, G. I. Gruber,

M. J. San,y, and C. C. Shih, frRecommended Methods of Reduction,

Neutralization, Recovery or Disposal of Hazardous Waste", Report No.
21485-6013-RU-00, TRW Systems Group, 1 February 1973, prepared for

Environmental Protection Agency, Contract No. 38-03-0089. (See especially
Vols. I, XID

2joel E. Hutson, ,,roxic waste Burner Evaluation", Final Report,

AFRPL Contract No. F04611-73-C-0007 (Marquardt Company Report S-
1271), November 1973.
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II.A.2. Thernmchcmical Aspc¢'ts

Incineration is a controlled combustion process to convert _nste

propellant to a less toxic, less bulky, less noxious or more easily dis-

posable material. The principal undesirable incineration products from

an environmental viewpoint are NO x and CO. Occasionally, NH 3 or

hydrocarbons or soot are released when operating under non-optimum

conditions. Direct flame or catalytic destruction of waste propellants pro-

duce an effluent of N 2, CO 2 and H20 vapor which can be vented safely to

the atmosphere. Undesirable compounds (such as NO x) formed during

incineration may require a secondary, treat,nent, such as scrubbing, to

lower their concentration to acceptable levels prior to atmospheric re-

lease.

Important criteria for an adequate disposal system of a waste pro-

pell,-mt include the following:

1) The effluent should be inconspicuous mad safe.

21 The system should not be prohibitively expensive to operale

and maintain.

3) It must meet pollution standards.

Gas sampling techniques and analysis must be adequate to provide

memlingful data. Factors to be considered are:

1)

2)

3)

4)

The

the oxidation

1)

2)

3)

4)

The s,_mpie must be representative.

The integrity of the sample must be preserved.

Initial cost and operating cost of equipment.

The possibility of biased interpretation aad/or omission of test

results in reports.

variables which h,qve the greatest effect on the completion of

of the propellant waste are:

Combustibility

Reaction Tempe rature

Residence Time in Incinerator

Gas Turbulence in Reaction Zone.

Hydrazine, UDMH, and MMH have low flammability limits. With
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proper feed rates and the use of aLuxiliary fuels combustibility is readily

controllable. Temperature can be controlled over some range bv varying

the air fuel ratio, and a well-designed incinerator will allow considerable

excess air or secondary air to keep temperatures down.

Rates of oxidation reactions are increased rapidly by higher

temperatures. A design r,,mge of 2400 OF to 3000°F or higher may be

specified depending upon the waste propellant being disposed. Three basic

methods of cent roll ing the e ombust ion tempe rature are:

I) Excess Air Control

2) Two Stage Combustion

3) H20 Injection.

Sufficienttime must be provided during the waste incineration to

allow droplets or particles to react with 02 or oxidizers. From 0.1 to 1

second or more nmy be required. The evaluation of this time factor can

only be made by tests of individual incinerators or from manufacturers'

t'ecommendations.

The degree of turbulence in the reaction zone significantly .affects

the incinerator performance. Intimate mixing of the air and waste propel-

lant gases is required for completeness of combustion.

NO is a pollutant common to incineration processes which utilize

air. NO formation results from 02 and N 2 reacting at elevated temperature.

Figure I presents graphically the thermodynamic equilibrium concentration

of NO as a function of % excess air at various reaction temperatures for

combustion of materials that do not contain nitrogen themselves. The incin-

eration of hydrazine fuels would be expected to yield higher values than

shown because they are high-percentage nitrogen containing compounds.

The stoichiometric combustion equations for hydrazine, MMH, and

UDMH in air are, respectively,

N2H 4 + (02 + 3.76 N2) • 2H20 + 4.76 N 2

(CH3) N2H 3 + 2.5(0 2 + 3.76 N2) _CO 2 + 3H20 + 10.3 N 2
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FIGURE 1

EQUILIBRIUM NO CONCENTRATIONS IN COMBUSTION EFFLUENTS

(R. D. Ross, Industrial Waste Disposal, Van Nostrand -

Reinhold Corp., N. Y., 1968, p. 340; quoted by R. S. Ottinger et al,
TRW Report No. 21485-6013-RU-00, 1973.)
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_, ({'ll.I).'. . N.,II2. I 4(_D2e:1.7q;N.,}. _2COz _t11._¢}_i 16.04 N.,

In mtdilion, the stoichiomctric conlbustion equations for the auxiliary

fuels methane (natur.-_l gas}, propane, and but.me are, respectively,

CH 4 + 2(O 2 + 3.76 N2)

C3H 8 + 5(O 2 + 3.76 N2)

._CO 2 _ 2H20 +7.52 N 2

v3CO 2 +4H20 +18.8 N 2

C4H10 + 6.5(O 2 + 3.76N2) _ 4CO 2 + 5H20 + 24.4 N 2

In a typical incineration process, one of the hydrazine fuels (or a

mixture of two of them, such as Aerozine 50) is burned in air, in conjunc-

tion with natural gas (which is primarily methane) or liquified petroleum

gas (propane or but,'me) as an auxiliary fuel used for preheating, start-up,

and usually to maintain combustion in case of a somewhat irregular supply

of the waste fuel, It should be noted that the auxiliary fuel has the

effcct of decreasing combustion temperatures, and acts as a reducing agent

in the case of over-stoichiometric (fuel-rich) combtmtion and hence can pre-

vent or alleviate the formation of oxides of nitrogen.

A starting point for the chemical description of the incineration of

hydrazine fuels would therefore consist in simply adding the appropriate

stoichiometrie equations above. In actual practice, however, the complete

description of the reactions is considerably complicated by the following

facto rs:

a) Non-stoichiometric mixtures and incomplete combustion re-

suit in the formation of partial products, such as carbon

monoxide and ammonia, as well as allowing emission of un-

burned fuel.

b) High combustion temperatures result in the dissociation of

water and CO 2 , and in the formation of oxides of nitrogen.

e) In some incinerators, the hydrazinc fuels must be supplied as

aqueous solutions, hence introducing additional H20 in both

sides of the equations and altering the equilibrium composition

of the products.
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llence :! _'Lmlplctccoml)usl ion dt,st'ription must include the possi-

l)ility of [orm.ltion tff a n_ml)t,r of iv:lee products, including tt 2, 02, H, O,

Oil, CO, NO, NO 2, N20, hydroc:trbons (HC), NH 3, amines (RNH2)and

unbul-ned fuel: N2H 4, M1V_H, UDMH.

Of these trace products, the most serious are probably the fuels

themselves. Emission of unburned fuels can be minimized by combustion

chamber design (good mixing, high turbulence, long dwell times), by lean

mixtures or secondary air injection, and by high combustion temperatures.

Unfortunately, high combustion temperatures result in increased CO 2 disso-

ciation (forming CO) and, perhaps more seriously, the formation of oxides

of nitrogen as shown in Figure 1. Carbon monoxide formation can be re-

duced by use of excess air (lean mixtures) but this results in still greater

formation of oxides of nitrogen. Long combustion chamber dwell times also

aggravate the oxides of nitrogen problem.

The incinerator emissions problem is therefore quite similar to _-,

the automotive emissicam problem: most of the steps that result in ',cleaner",

more complete combustion create additional problems in terms of the form-

ation of oxides of nitrogen. Of these, N20 is relatively harmless and NO 2

and N204 are not stable at elevated temperatures; NO, however, is poisonous,

and will oxidize in the atmosphere to form NO 2, the poisonous reddish-brown

gas thnt is such a major air pollution factor. Table X presents additional

information on the various oxides of nitrogen.

The problem is not an impossible one, however, ,_md considerable

progress has been made in vastly reducing both automotive and gas turbine

emissions through improved combustion chamber design. Thorough mixing

and turbulence seem tQbe beneficial from all points of view. Temperature

problems can be alleviated by ensuring uniformity of temperature: that is,

by eliminating hot spots which serve no functional purpose, but which can be

responsible for a large fraction of the NO formation. Some control of residence

time seems possible in gas turbine combustors (and, presumably, incinerators):

NO formation is a function of time as well as temperature; if the time that a

typic_l, gas particle spends at elevated temperature can be controlled to the _-._.')

minimum value consistent with complete combustion, then NO emissions can
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be minim ized. Thorough mLxing has the added advantage of shortening the

dwell time needed to insure complete combustion, by increasing the proba-

bility of early contact between :m air molecule ,and a fuel molecule. In ,an

incinerator there is no need h_r a high exit temperature, so that a water

quench is a possible means of controlling dwell time. Alternatively, secon-

dary air (air added downstream of the primary combustion zone) might be

used to bring the temperature to a level too low for NO formation, but high

enough for some of the combustion reactions to go to completion.

II. A. 3. Environmental Standards

Existing standards and limitations are based primarily on toxicity

data, which can be presented in various forms depending on length of expo-

sure, etc. For the safe disposal of waste propellants, the acceptable cri-

teria for release into the environment are defined by the limits in Table XI.

Most of these data were obtained from publications of the American Con-

ferencc of Governmental Industrial Hygienists (ACGIH) and Occupational

S,-ffcty ,and Health Administration (OSHA) tables. Other sources include the

National Academy of Science/National Research Council's Committee on

Toxicolog.v (NAS/NRC), and the American Industrial Hygiene Association

(AIHA). Much of the original data has been collected in the "Hazards of

Chemical Rockets and Propellants Handbook ''3 prepared under the auspices

of the Joint Army, Navy, NASA, Air Force (JANNAF) Propulsion Committee.

The Threshold Limit Values (TLV) refer to the concentrations of an

airborne constituent to which nearly all workers may be exposed repeatedly,

da.v after day without adverse effect. The TLV represents a time-weighted

concentration for a 7 or 8-hour workday and 40 hour work week.

Emergency Exposure Limits (EEL) are limits applied to protect

industrial workers should an emergency (accident) situation occur.

"Skin warning" refers to the potential contribution to the overall

©

3Volume III, "Liquid Propellant Handling, Storage and Transportation",

AD 870259, CPIA/194, May 1972.
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exposure by cutanaceous absorption, including mucuous membranes and

eyes, either by airborne or direct contact with the substance.

The toxicity data presented above represent standards that have been

formulated with reference to personnel working with toxic substances, and

as such do not represent the only criteria to be considered in evaluating

the environmental effects of hydrazine fuel incinerators. Two recent

studies have addressed the problem of acceptable atmospheric levels of

hydrazine fuels.

The TRW study 4, which was performed for the Environmental Pro-

tection Agency (EPA) and will undoubtedly have a strong influence on future

EPA standards, presents a "recommended provisional limit in air" of. 01 ppm

for N2H 4. The basis for this recommendation is given as ". 01 times TLV',

and presumably this criterion would also be applied to MMH and UDMH.

The same set of reports also recommends provisional maximum exposure

limits for ammonia (. 02 rag/m3), and carbon monoxide (0._55 mg/m 3) in

air, both values again based on 1% of the TLV. * It should be mentioned that

application of these limits is not entirely straightforward, because of the

effects of diffusion, turbulent mixing, distance from the source at which they

are to be applied (depending on the location of the source), the possible

existence of other sources (particularly in the case of CO), etc.

Another approach was taken by the Environmental Health Office at

Vandenberg Air Force Base, which studied all available local and national

standards and criteria in formulating the limits presented in Table XII. These

limits are taken from Base Reg. 19-1, dated 2 April 1973. Short Term

Public Limits (STPL's) are defined as "permissible limits for public expo-

sure during planned release of air contaminants", and Public Emergency

Limits (PEL's) are defined as "limits applied to protect the public should an

emergency (accident) situation occur". All limits are defined as applying at

the perimeter of the controlled area.

(,)

40p. cir., Vol. XII, p. 323.

In the case of ammonia, there appears to be a discrepancy between the
stated basis for recommendation and the actual recommended provisional limit.

U
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( A final consideration in terms of enviromllental standards is the

possible need for relegation to a Nation_tl Disposal Site. This question was

addressed in the TRW report 'in the following terms:

"Hydrazine does not appear to be a candidate waste stream consti-

tuent for National Disposal Sites. R is anticipated that packaged

hydrazine and hydrazine in aqueous waste streams will continue to

be treated at the source of waste generation. The major products

of combustion or decomposition are the elements, water or ammonia

which do not present a secondary disposal problem,'. 5

Though not specifically mentioned in this report, the same comments can

be tacitly assumed to apply to MMH, UDMH, and Aerozine 50.

• :J

()

(.._!

II.A. 4. Bases for Evaluation

The major products during incineration of hydrazine - type wastes

with atLxfliary fuels are N 2, H20, CO 2, and CO formed in varying con-

centrations depending on thermal and concentration parameters as well as

other factors. Minor products of combustion are H 2, NO x, C, SO 2 and

hydrocarbons. The concentration of NO is of prime interest from the en-
x

vironmental and ecological viewpoints.

Table XIII, complied from available analytical reports, 6 shows the high

rind low concentration of combustion products from incineration of N2H 4 and

U1)MH. A study of thesc reports shows that under optimum con-

ditions only small quantities (5 - 500 ppm) of NO x pollutant are formed,

but up to 10 or 20 times these mnounts c,'m form under non-optimum condi-

tions. It also became obvious that the same equipment operating under

varying fuel/air ratio, temperature, propellant concentration or type,

5Volume XII, page 335.

6Compilation of data was from the following reports:

a) Pan Am U327, 3 January 1972
b) Pan Am MD-EH, 26 February 1971
c) Pan Am, 8 October 1970
d) Joel E. Hutson, "Toxic Waste Burner Evaluation", Final Report,

AFRPL Contract No. F04611-73-C-0007 (Marquardt Co. Report
S-1271), November 1973.
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Combustion

Product

NO x, ppm

CO, ppm

CO 2, %

0 2 , %

II2, %

Total HC, ppm

HC .(As Cg), ppm

ilC (As CH4), ppm

Nil3, ppm

Amines - RNII 2, ppm

UDMII, ppm

N2114. ppm

Low

2

5

0.3

0.5

N.D.

8

<5

<5

6

 .o2

N2tl 4

Incineration of:

UDMH

tligh

3720

19,000

4.4

18

N.I).

N. D.

Low High

20 4113

2 76,000

0.3 9.1

0.2 20.6

• 89 o1...4

9.5 1750

50

.,j,),,,,,30

46

5O

30

10 10,700

_10 7000

O. 8 2170

_4 390

<0.5 <2.0

.

\.)

• i

The most extensive study that has been performed on incineration

of waste hydr,'tzines is the Marquardt study performed for AFRPL. 7 This

was a combined theoretical and oxperimental study, based on the Marquardt

"SUE" (Sudcien Expansion) incinerator. The theoretical portion of the study

consisted of calctflating the theoretical equilibrium compositions of the pro-

ducts of combustion of various combinations of N2H4, UDMH, natural gas,

.'rod air. These computations were based on NASA Report SP-273, "Computer

Program for Calculation of Complex Chemical Equilibrium Compositions,

7Ibid.
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Rocket Performance, Incident ,'rod Reflected. Shocks, and Chapman-Jouguet

Detonations", by Sanford Gordon and l_onnie ,I. McBride, .1971. The

results. 'which of course art. no! rt'.nlrictt,d lo :1_1x,lmrttcular int'inerator

design, :ll-t)iH-eSt:lll¢,d in FlgUl'C's :!lhl'tnlgh 5.

The experimental porlion ,,f lhe Marquardt program was Imscd on

these equilibrium curves, the primary objective being to experimentally

verify the more desirable operating points identified by the theoretical

results. Results of the experimental program were generally quite satis-

factor),, giving good agreement with the theoretical predictions and good

operating characteristics. The final report stated that

"Using either UDM:H or N2H 4 as the primary fuel and natural
gas as an ignition and sustaining fuel, the SUE incinerator

ignited easily, burned smoothly, destroyed the primary fuel

to less than 2 ppm by weight ._md produced NO x at well below
the 165 ppm target limit. "

The burner used in this test program was an air cooled, 6 inch

by 12 inch burner, as shown in Figures 6 and 7. Fuel was injected at the

sudden expansion phme and directed towatxi the oenterline of the burner.

Combustion began at the sudden expansion and continued downstream for

a disL_nce of about two chamber diameters. Waste fuel and natural gas

nozzles were typically closed-end tubes with slots near the tips, motmted

on circular manifolds at the sudden e.xpansion, although a central poppet

nozzle for waste fuel injection was also used in some runs, as shown in

Figure 6. Seconda_, air injection, to obtain complete combustion in the case

of fuel-rich prhnary combustion, and water injection to quench the hot pro-

ducts of combustion and hence minimize NO formation, were also used in

some of the tests. Samples were normally taken at the end of the reaction

tail pipe, upstream of the scrubber.

Maximum destruction rates were given as 138 gallons per hour

for N2H 4, 100 gallons per hour for UDMH. These rates were obtained with

over-stoichiometric operation, using secondary air injection and water in-

jection to reduce the levels of CO and H 2 in the exhaust. Satisfactory pro-

pellant destruction was also obtained at very lean ratios, with acceptable

NO x levels, but in this case destruction rates were very low. Test results,
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in terms of NO measurements, are presented in Figures _ _nd 9.
X

II.A. 5. Overall Evaluation

The data supplied indicate that incineration of hydrazines using _tn

auxiliary fuel (typicallyliquefied petroleum gas, natural

gas, or fuel oil)c,_nbe controlled to give environmentally hamless products.

A major difference between some of the various incinerators cur-

rcntly in use involves size and fuel consumption, for comparable w,_ste

destruction rates. The overnl] envirnnmentnl impact of _ large burner with

high fue] consumption _ long pre-heat periods might be much more adverse

tha'nconsiderations of trace species concentrations in the effluent would

indicate,.

The only example we have seen of a small, modern incinerator thai

is well-adapted to on-site, quick-reaction dispos,_lof hypergolic propellants

is the "SUE" (SUdden Ex'pansion) incinerator marketed by the Marquardt

Comp_m.v, Van Nuvs, California. In the program described in the preceding

section, this incinerator was tested toldevalu.'ttedas a means of disposing

of N2IlI, UDMH, and N204. Allhough the N20 4 tests were inconclusive,

the N.2111and UDMII tests gave quite satisfacto_T results, :rodthere is no
i

t'eason to believe that the s,'ulleincinerator wouldn't be equally effective for

MMII.

Maximum acceptable propell.'mtmass flow rate through this butcher

is 138 gallons per hour for N21[4, i00 gallons per hour for UDMII, with :t

nntur,q.lgas flow of. 008 and. 012 pounds per second, respectively, or approx-

imately 700 and 1000 SCFH. At these flow rates, 5000 gallons of waste fuel

could be destroyed in 36-50 hours of continuous operation, or a 55-gallon

drum in a half hottr or so. Because of the use of natural gas as an auxiliary

fuel, there need be no minimtm_ flow rate of the waste propellant. Warm-up

time (required to stabilize the flame, etc.) is five to ten minutes. For these

reasons, we believe this incinerator is an acceptable disposal method for

liquid hydrazincs in both large nnd small quantities.

As a practical matter, itwould be desirable ifthe same incinerator
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could be ttsed for disposal of hoth liquid h.vd_'ines and hydrazine vapors.

We believe therc is :1 good possibility that the _t:}.: ineiner:ltor t, ouhl he

:ld:lplt,d to this tuulti--nlt_le ol_,,':ltion, bul lh:ll Ibis modifit.:llion wottht re-

quire :1 develolmlent at_i tesl i_rogrnm Io eslablish its effectiveness.

Other development work might also be beneficial, ,and Marquardt's

final contract report mentions that a desirable modification might be a

longer reaction tailpipe, with a turbulator sect ion, to more effectively re-

duce CO ,and Ctl emissions when operating over-stoichiometrie with seeon-x

dary air injection.

Other incinerators might also be developed that would be at least

equally effective. While the SUE burner is modern and well-designed b_

comparison with the large units installed at various sites during the early

1960's, it is not vet" 3" advanced in terms of current eombustor technology,

particularly with regard to nozzle design nnd secondary air injection.

Our overall evalu,_tion, however, is that the SUE burner is currently

an envi,'onmentally acceptable means of destroying liquid hydraztne fuels.

Lat'ge incinerators of the type still in use at ETR are also environment_dly

acceptable in terms of point-of-use emissions, on the basis of the Pan

American World Air_vays data included in Table XIII, and other unpublished

data. The overall environment_d impact of theselarger units might be judged un-

favorablt, on the basis of their ve_ 3, high consumption of

hydrocarbon fuels, however. In addition, their more complex operational

requirements, special siting requirements, and long warna-up cycles all

place them at n dis:ldvantage compared to the smaller, simpler SUE burner,

and we have not been able to identify any grounds on which their performance

is superior to th.'_t of the SUE unit, except for the ability to destroy

aqueous solutions. At the same time, we believe that the SUE in its

current form does not represent a very advanced level of combustor

technology, and that further development of either the SUE concept or

other concepts cotdd yield substantial improvements in the future.
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B. OPEN PIT INCINERATION

(

II.B. 1. Current Applications

Open pit burning is recommelxled by the chemical industry for dis-

posal of large quantities of hydrazines, and is still in fairly widespread use,

although it seems to he less prevalent now than several years ago. Tile

'I'RW study 1 labeled this method "generally acceptable" but warned of exces-

sive NO generation. Concentrations less than 40% are not combustible, andx

other contaminants might also pose a problem.

II. B.'2. Thermoehenaical Aspects

An open pit incinerator consists of a rigid shell or lined pit ot

suitable width _md height with an open top. An array of closely spaced nozzles

might be used to provide high velocity air over the burning zone.

High burning r.ates, long residence time, and high flame temperature

arc achieved. "Smoke can be controlled but some particulate matter (soot)

and a visible plume of toxic gas (NOo) is produced. Exit gases are released

directly to the atmosphere.

The stoichiometrie combustion equations are:
air

+ iO 2 _ 3.76 N2_ '2H20 _ 4.76

/

N2H. I

{CH3) N2ll 3 _ 2.5 (O.2 , 3.76 N2) • CO 2 + 3 H20 r 10.3 N 2

(CH.I) 2 Nell. _ +4 (0 9 f 3.76 N2)= -'2CO 2 4-t H.,O _ 16.04 N,,

It mttst be emphasized that mixture ratios and temper:_tures are not

well controlled in this process, and can vary substantially with both position

and time. l_ormntion of partial products ,and oxides of nitrogen is to be

expected. The usual means of minimizing these emissions do not seem appli-

cable to open pit burning.

lop. tit., Vol. XII, page 333.
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( I1.1_. :_. Environmeat:d Stand:lrds

All products of combustion are released directl3 to the atmosphere,

and hence enviroml_ental standards are those detailed in the preceding sec-

tion on incineration.

!

()

C

II. B. 4. Overall Evaluation

Although open pit incineration is an effective means of destroying

hydrazines, the probability of excessive generation of oxides of nitrogen, and

CO in the case of the methyl-substituted hydrazines, render it environmentally

undesirable, in our view. The TRW report 2 comments that "For drum quan-

tities of hydrazine this method is generally acceptable although since exces-

sive NO might bc generated another option would be preferred". Becausex

of the number of other options available, and their overall acceptability,

we prefer to regard open pit burning as unacceptable for the purposes of

this study, except under certain special circumstances such as emergency

situations in remote locations.

C. CHEMICAL TREATMENTS

II.C. 1. Current Applications

A number of the organizations contacted in Phase I of this study

dispose of hydrazines by dilution followed by neutralization. The chemical

industry recommends neutralization using calcium hypochlorite or a

dilute solution of hydrogen peroxide, catalyzed by a trace ,,uuount of copper

sulfate. Dilute hydrochloric or sulfuric acid is also recommended in the

case of MMH, and atmospheric oxygen in the presence of copper salts for

N2H 4.

The catalyzed hydrogen peroxide reaction is currently being used by

several of the organizations contacted, but not, as far as we could ascertain,

the h.vdrochloric or sulfuric acid reactions. Two

organizations precede the hydrogen peroxide reaction with addition of sodium

hydroxide, and at least one uses sodium hydroxide alone to treat dilute hydra-

zine wastes. Also used for neutralization purposes are dilute nitrogen tetroxide, __:i¢

21bid.
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llydra.,iuv _'apors :ire ol'iell _{,llt through w:)tcl'-st,r:ly _';'llld)t'l .'-.

and tile water tllen treated by one of these ncutr:tlization reacti)ns.

(

\

II.C. 2. Chemical Description

Equations show reactions in dilute solutions, for N2HI:

Ctl F-_

catalyst

1. N2ITt _2IT20 2 )N. 2 _.4IT20

in basic solution N.IlI, avls as a reducing agent:

"' reaci ionsl)ossil)lc 1/-

2. N2tl 4 _ Ca (CI O)2-----_N 2

In solution CaO reacts:

)N 2 +4H20 J 4e

)NI-I 3 + 1/2N,.., _. H20. -, e

N3 5 2e' )1/2 + 1/2NIt 3 _ _ H20

4- H20 + 2HCI + CaO

CaO + 2HCI--_Ca CI 2 ' II2()

Ca O + H20-----_Ca (OIt) 2

3. N21I 4 _ 2 NaOCI----#N 2 _ 21t20 + 2NaCI

•t. N 2H4 + H CI

Possible 1/2 reactions in

acidic solution

)N2H 5 * C ]

)N 2 +5tI + _-4e

4-

_1/2 N 2 + NIt 4

)1/2 NH 3

.4-
+ tT * e

5
1NH4 + I 5" r]_ -t 2e

5. N2H4 + N204 ;N2 + 2NO + 2H20

6. Na OH is used primarily to adjust the pH of the soiution, anddoes

not react with the hydrazine to :my significant extent.

(

The comparable reactions for MMIT are:

1. CII.] N21[ 3 + 5 I[20 o -,'N9 + 8 It20 + COo
• " Ctt-H- - "

cataly st
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2. 2 CH 3 N.,II3_ + 5 Ca [CI O)2,-----"-_N_2 + 6H20 _ 2CO2 _ 5Ca C12

3. CH 3 N2H 3 + 5Na O CI'----_N 2 + 3H20 + 5Na C1 + CO 2

4. CH 3 N2H 3 + 2N204------_ 3,2N 2 +3NO +CO 2 +3H20

These equations are idealized for complete reaction. As in most

chemical reactions trace amounts of possible products formed are not 8hoers.

)

C .t

The

1.

9

3.

_.

same reagents react with UDMH as follows:
Cat.

(Cll3) 2 N2H 2 _ 811202-----_N2 + 12H20 + 2CO 2

(C,II3) 2 N2H 2 _ 4Ca (C10)2-I---_N 2 + 4H20 + ,,( O 2

(CI13) 2 N2H 2 -_ 8 Na O C1--I-4N 2 + 4H20 + 2CO 2

(CH3) 2 N2H 2 + 3 N204------_2N2

4Ca CI 2

+ 8 Na C1

+ 4NO + 4ti20 + 2CO 2

Small quantities of hydrnzine-type fuels collected into a sump, tnnk

or point are highly diluted with 11oO (at least 1:100). The ptI is adjusted and

catalyst added, if required. The solution is then treated with one of the

reagents given in the equations above ,and in Table XIV. These reagents are

'applied slowly ,and in slight excess to allow heat dissipation from the reaction.

The treated solution, checked for pl! ,and presence of amines, is discharged

inlo a stream, sewer or ground surface possibly with additional dilution.

Ileai is generated in quaatit._ in each t)f tim reactions so that control-

led :l(tdition of rtmgent is ncccssam. Some mc:ms is required for insuring

compicte decomposition of i)rol)ell:mt du ring treatment without excessive

addition of reagent thus adding to the overall cost.

The figures for the reagent cost were derived from recent prices

of ton lots of the reagent in the :unount requircd for the stoiehiometric

neutralization of the propellant. Although the reagent costs were computed,

these wdues were not used for final evaluation since they may be overshad-

owed by other factors.

Itydroxyacetic acid was not included in Table XIV due to its excessively

high cost ($3.75/kg for 70%) and to the fact that only one company mentioned

its use several ),ears back (earl), Apollo flights).

9O
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II.C. 3. Environmental Standards

Any vapor s reaching the atmosphere from neutralization ponds

would be governed by the standards detailed in Section A above, "Incinera-

tion". Primary effluent from any neutralization pond, however, is a liquid

release, and in this case environmental standards are much less well defined.

The closest approximation we found to published standards regarding

allowable hydrazlne levels in water or soft are the recommendations of the

TRW report referred to several times in earlier sections of this report.

The TRW study, as stated earlier, was funded by EPA and probably represents

an important part of the basis for future EPA standards. The TRW report 3

recommends a provisional limit of 1.0 ppm hydrazine in water and soil,

giving as their "Basis for Recommendation" the statement that "Quantity will

rapidty oxidize to near-zero concentration".

The TRW report also recommends provisionnl limits 4 for several of

the other constituents that might appc:tr in neutralization pond effluents, as

shown in Table XV.
1

II.C.4. Bases for Evaluation

The recommended provisional limits in the preceding sub-section

are obviously very low, and in fact the limits for all of the neutralization

reagents listedin Table XIV, as well as reaction products such as slaked lime

and quicklime, are actually much lower than the limit for hydrazine itself.

We must therefore conclude that if,-myof these reagents is to be used,

quantities must be very carefully controlled and concentrations continuously

monitored to avoid excess reagent addition. Since these reagents arc :_II

water soluble, excess addition will result in the reagentappearing in the

pond effluent.

The safety factors involved in handling these reagents is an impor-

tant consideration in evaluation. For this reason, hydrogen peroxide possesses

special advantages in that since it is already present at KSC and used as a

hypergol , its use in neutralizing the hydrazlnes would obviate the need to

employ other agents with different safety properties which physicians and

workers would have to be alerted to. •
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'I'AIII.I': XV

III':('{)MI_IENI)I,:II I'IR_VISI()N:\I, I,IMrI'S l,'()ll

I_()SSIIII,I,; NEIVI'IIAI,IZA'I'I()N I)()NI) EI,'I,'I,I.wI,:NT CONS'I'ITIrI,]N'I'S,

from "['llW Report No. 21.185-6013-I{U-OO

Contaminant in Water
and Soil

Calcium hydroxide
(slaked lime)

Calcium oxide

(quicklime)

Ammonitml hydrox-
ide (ammonia water)

Hydrochloric acid

Hydrogen peroxide

Provision_ Limit

0.25 ppm

0.25 ppm

0.01 ppm

0.35 ppm

0.07 ppm

Mixed acid

Nitric acid

Sulfuric acid

0.05 to 0.25 ppm

0.25 ppm

0.05 ppm

Sodium hypochlorite-
Na O CI

C alc itm_ hypochlorite-

Ca (CI 0)2

llydrazine- N 2 H4

0.10 ppm

0.125 ppm

1.0 ppm

Basis for Recommendation

/

Stokinge r and Woodward
Method

Stokinger and Woodward
Method

Stokinge r and Woodward
Method

Stokinger and Woodward
Method

Stokinge r a_ Woodward
Method

Stokinger and Woodward
Method

Stokinger and Woodward
Method

Stokinger and Woodward
Method

Stokinger and Woodward
Method

Stokinger and Woodward
Method

Quantity will rapidly
oxidize to near-zero con-
eentration

i

(

(
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l,]ven more ,_everc i h:m Ihc rt'si rit'lion on neutrnlization rcagenls

ill lilt.' t'|'l'luent, hoW¢,v¢,l', i_ Ihc I'c._i rit'|ioll oil :ln_tnoLliuni hydroxide, or

:llllMolli:| b_lts dissolved In W:llt, t'. If Ibis rc_lriction is inco|'por:|led in

fulure liquid waste discharge st:md:lrds, it would be a strong factor against

the selection of those reagents (t1202, H CI) that result in the formation of

ammonia gas ,'rod ammonimtl radicals.

The liquid effluents from these systems will also contain ions of

Ca ++ ' Na ÷ , Cl-, NO 2, or NO 3. These materials can be released in small quan-

tities into a sewer, stream or ground without undue concern for the present

pollution regulation.

Selection of a ground waste disposal site should be based so that

the discharged liquid waste infiltrates ,-end percolates into the ground sur-

face where no possibility of impairment exists. Disposal of wastes should

not be near fresh water aquifers, wells or ,-my other usable water sources.

All of these disposal methods will meet the air pollution standards

since N 2 is the only gas released. The NO formed in reaction 5 will dissolve

in H20 forming HNO 2 when sufficient H20 is available, as is usually the case.

II.C.5. Overall Evaluation

Because of the overall controllability of neutralization ponds - the

fact that, with adequate capacity, unplanned releases need not occur, and

effluent discharge can await "satisfactory" conditions within the pond - and

because of the absence of air pollution factors, it is our conclusion that

neutr_ization ponds using an)' of the reagents listed in Sub-Section 2 are

environmentally acceptable as means of destroying hydrazine fuels. This

acceptability is of course dependent on the provision of adequate equipment

and procedures for monitoring and controlling the composition of the pond.

It might also be necessary in some cases to provide a means of secondary

dilution, such as a separate discharge pond.

_
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Acceptability does not imply practicality, however, ,n.nd we believe

thai tile practic:llily of these neutr:llization systems is very dependent on

the severity of future restrictions on ground water discharges. As long as

reasonable ,'tmounts of dissolved hypochlorites, and slaked lime and quick-

lime,are al!owed, methods 2 and 3 in the tables are practical, although

somewhat expensive. If dissolved ammonia is also allowed in small quan-

tities, the H202 system would also be quite practical, and if very dilute

H CI can also be discharged, the low chemical cost of this reagent could

make it quite attractive. Use of N204 (other than diluted waste

N204) is not advocated primarily due to the tmpredictable logistics and costly

adequate control problems. On an assumed cost of $. 25/1b of N204, the

chemical cost to treat 1 lb N21{ 4 would be $0.72.

Our first choice among the listed reagents, keeping in mind

possible operational complications as a result of future environmental

standards, would be hydrogen peroxide. It'suse as a hypergol means

that itwill always be available at KSC. Thus involved personnel will not

have to familiarize themselves with the safety properties of another agent.

Also, as seen in Table XIV, H20 2 can neutralize the hydrazine at less cost

than the hypochlorites.

It should be mentioned that the possibility of using the same neutrali-

zation pond for both fuel and oxidizer destruction is a significantfactor in

evaluating the d_sirability of these disposal systems for specific applications.

Another attractive feature is the fact that large quantities of either fuel or

oxidizer could be very quickly transferred to a neutralization pond in emer-

gency situations, whereas incinerators have inherent flow rate limitations.
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D. DIL[_rlON AIR OXIDATION;B,XCTERIAL ACTION

II. D. 1. Current Applications

Water dilution of liquid hydrazine wastes followed by discharge to

untreated holding ponds is one of the most common means of disposal of

this fuel. In the holding pond, air oxidation and bacterial action slowly

convert the hydrnzine to nitrogen, ammonia and water, as described in the

following subsection. In some operations, normal evaporation is sufficient

to control the holding pond level and liquid is never withdrawn from the

holding pond.

Aeration - either by bubbling air through the pond, or by spraying

pond water up into the air - is a variation on the air oxidation approach that

will speed up the destruction of hydrazine by making oxygen more readily

available to all parts of the pond. Air bubbling was found in Phase 1 of this

study to be in use at two locations at the present time, and a spray pond is

currently being tested at Vandenberg Air Force Base.

II. D. 2. Chemical Description

Hydrazine fuel is mixed with copious amounts of water to form a

very dilute hydrazine solution, in which hydrazine slowly decomposes - aided

by bacterial action - and reacts with dissolved oxygen according to the fol-

lowing two stoichiometric equations:
Bacteria, Air

1. 2N 2 H 4 + 1/2 02

2. N2H 4 + 02 _ 2H20 + N 2

The equations for MMH and UDMH are:

3. (CH3) N2tt 3 + 02

4. (CH3) N2H 3 + 2.5 02

5. (CH3) 2 N2H 2 + 2.5 02'

6. (CH3) 2 N2H 2 + 402

)N 2 +2NH 3 +H20

_2NH 3 + CO 2

)CO 2 + 3H20 +N 2

. _ 2NH 3 + 2CO 2

.)2CO 2 + 4H20 + N 2

+ H20
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The primary function of air bubbling, or water spraying, is [o improve

on the quiescent situation, in which oxygen is available only at the surface, b_

distributing oxygen through all parts of the pond - or, in the case of sprays,

by distributing all parts of the pond through the oxygen. In any case, the

oxidation reaction is very slow at atmospheric temperature, and the heat

release in a pond will not significantly raise the temperature such as to increase

the rate of reaction. {unlike the case of air oxidation of anhydrous hydrazine

in a confined area, which can be unstable and result in fire or explosion.)

In normal sewage treatment practice, an oxidation pond utilizes bacteria

to aerobically stabilize the organic material present in the waste water,

resulting in the conversion of C to CO 2, H 2 to H20, and N 2 to NH 3. The

oxygen for the bacteria is supplied by both air surface transfer and the

metabolism of algae in the pond. The cycle is completed when the algae use

the waste stabilization products CO 2 and NH 3 to synthesize new cells in the

presence of sunlight, and thereby liberate oxygen as an end product to be used

by the bacteria for oxidizing the organic wastes and synthesizing bacterial pro-

toplasm. In addition to biological stabilization, other processes taking place

in oxidation ponds may include balancing of the acids, coagulation and sedi-

mentation Of solids, and neutralization of any alkalinity.

I1. D. 3. Environmental Standards

Environmental standards are the same as those outlined in the preceding

section on neutralization ponds.

Visits by study personnel were made to the Western Test Range at

Vandenbcrg Air Force Base, Johnson Space Center, and White Sands Proving

Ground to observe existing oxidation ponds first hand and talk with engineers

responsible for their design, maintenance and operation. The only operational

aeration pond was at Johnson Space Center, where a very large flow of air is

introduced through two H-shaped manifolds at the bottom of a fairly deep concrete

holding pond. The bubbles generated are quite large, and result in a general

roiling motion of the central part of the pond and visible circulation throughout
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most of the pond. At the Western Test Range, a spray pond has been constructed

for experimental purposes, and one batch of hydrazine has been oxidized in the

pondfor data collection purposes. Oxidation ponds at White SandsProving

Ground are essentially untreated holding ponds, with air oxidation taking place
naturally at the surface but no aeration.

Measurements at both Western Test Range and Johnson Space Center show

that during aeration a period of time passes in which dissolved oxygen levels

in the water increase, but there is no significant reduction in hydrazine level;

this period is followed by a reduction in hydrazine content once the dissolved

oxygen reaches saturation.

Operating experience at the one operational holding pond has apparently

been quite satisfactory. It should be noted, however, that very little hydrazine

disposal has taken place at JSC during the time (several months) that the

aerator has been installed in this pond. The primary reason for installation

was to provide a means of quickly oxidizing the hydrazine in case of emergencies -

the need for pumping water from the pond to prevemt overflow during very

rainy weather, for example. Starting with a 300 ppm N2H 4 concentration in

0.5 million gallons of water, the hydrazine concentration can be reduced to 5

ppm in about twenty hours, with most of the reduction occurring in the last

two to three hours. The addition of copper sulfate or iron oxide as a catalyst

contributes to the speed of oxidation.

In the experiment at WTR, mixed hydrazine fuels were added to 50,000 gallons

of water to a level of 120 ppm, with 0.2 mg/1 copper ion as catalyst. The

mixture was then sprayed into the air at a rate of 60 liters per minute for

eleven days, achieving dissolved oxygen saturation, and allowed to sit. The

hydrazine disappeared slowly thereafter, with oxidation essentially complete

after another nine days. There was no significantemission to the atmosphere -

only trace amounts of UDMH could be detected at a point six inches above the

pond surface, except for one 6 ppm reading made thirty minutes after hydrazine

transfer to the pond.
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'l'he only undosir:Ible end prt_luc, t identified lay the sloit.hiomL,( rit'

equ:tlions is am,nonia, which will be dissolved in the water (_ullmonium h3droxide)

,_nd released to the atmosphere to some extent. The threshold Limit Value for

ammonia in air recommended by the American Conference of Governmental

Industrial Hygienists is 25 mg/m 3, and the provisional M&,cimum Exposure

Limit recommended by the TRW Study 1 is . 02 mg/m 3. Actual levels above

oxidation ponds are difficult to calculate because of andetermined effects of

numerous variables such as insolation (intensity, hours per day, etc.),

bacterial action, surface area versus depth, temperature, relative humidity,

wind velocities, etc. In view of the slow rates involved with oxidation pond

processes, and the absence of reports of ammonia odors, we see no re,_son

to expect atmospheric ammonia releases to be a problem except perhaps in

the case of spray ponds.

In many applications, it would be expected that periodic liquid discharges

from oxidation ponds would be required. In these cases, the ammonia content

of the water could be a problem, especially if the very restrictive ammonium

hydroxide provisional limit shown in Table XV is adopted. In addition,

because of the slowness of the air oxidation reaction, two ponds (probabJ_

in series) would have to be used so that the pond being emptied could be

protected from fresh hydrazine addition for a period of time prior to discharge.

Selection of a ground waste disposal site should be such that the discharged

waste infiltrates and percolates into the grotmd surface where no possibility

of impairment exists. Disposal of wastes should not be near fresh water

aquifers, wells, or other usable water sources.

lop. cit., Vol XII, pages 102-104.

99



II.D. 5. Overall Ev'fluation

Provided lhat the va ri_alsrestrictions of the preceding subsection

are reel, it is our conclusion thai :m oxidation pond is an acceptable means

of destroying waste liquidhydrazines, lndeed, itis one of the most accep-

table means, as itpossesses most of the advantages of the neutralization

ponds without the disadvantage of introducing other chemicals, possibly

harmful to the environment, into the process. An additional advantage is

the fact that, since salts and other dissolved solids are not formed, there

is no inherent necessity for periodically draining the pond. As long as the

hydrazine addition does not exceed the capacity of the pond, there is no

reason why itcannot continue to function indefinitely,with the only effluents

being nitrogen, water vapor (normal evaporation) and trace amounts of

ammonia into the atmosphere.

The entire question of aeration ponds was investigated in greater

depth during Phase 3, including the use of an ozone generator to add this

strong oxidizer to the gas bubbled into the pond. Results of these studies

arc included in the sections onAlternate Disposal Concepts and Application

Studies.

E. OPEN BURNING

Open burning is the burning of waste material on open land without

the use of combustion equipment. This method is not used frequently for

propellant destruction. Generally, considerable black smoke along with

NO x and CO are evolved to the atmosphere. These emissions are the re-

sult of uncontrolled combustion temperature, incomplete combustion due to

poor gas mixing with air, and instff.ficient residence time of the generated

particulate at elevated temperature.

Open burning is not considered to be an adequate form of waste

propellant disposal because of associated loss of gaseous effluent control.
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F. OCEAN I)UMPING

Ocean dumping of a wide variety of hazardous wastes, including

propell,_mts, has been carried out by many nations as an expedient or an

economically attractive disposal technique. Sea water is used as a

reactant or neutralizing medium ,and as a diluent.

The Council on Environmental Quality recommended "To ban

tmregulated ocean dumping of all materials, and strictly limit ocean dis-

posal of any materials harmful to the marine environment". In response,

in October 1970, President Nixon recommended legislation to stop ocean

dumping.

Several bills now in the tlousc would totally ban ocean dumping

of :my toxic industrial waste, radiological waste or waste matter from

chemical or biological warfare material. As a result it can be expected

that more restrictive standards will be imposed in the future. It is for

these reasons that ocean dumping was deemed environmentally unsound

and was not pursued in this study.

G. POURING DIRECTLY ON OPEN GROUND

Informal communications and conversations have indicated that

the pouring of waste liquid hydrazines directly on he ground in remote areas

is still occasionally practiced, in an informal and unpublicized manner.

Certainly it would be difficult for us to make a strong case rega_xiing the

undesirability of disposing of minute amounts in this fashion. Hydrazine

is not a "persistent', chemical, and will rapidly oxidize to near-zero concen-
1

tration, as pointed out in the TRW report.

As a means of disposing of any significant amount of waste fuel,

however, this method certainly cannot be recommended. In addition to the

danger involved in actually carrying out the operation, there is the likelihood

lop. cit., Vol XIII, page 333.
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of tmcontrolled vapor release, ,_md tmpredictable local effects, including

possible lingering contamination in lilt' c;isc or significant quantities of

hyd razinc.

©
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III. DISPOSAL OF HYDRAZINE VAPORS

A. INCINERATION

III.A.I. Current Applications

Only one organization was found during Phase 1 _f this study to

have the capability of destroying hydrazine vapors by incineration, and this

organization's systems are used primarily for products of combustion (or

dissociation) rather than directly for hydrazine.

These systems are used in conjunction with testing of small hydra-

zinc gas generators and APU's. Exhaust from the test ce,lls is carried to

small rooftop incinerators - essentially 55 gallon drums with equipment

panels at one end and exhaust deflectors at the other. Natural gas isfed through

the equipment panel, which also includes a squirrel cage blower and a

spark plug. The air and gas are mixed, and ignition is initiatedby the

spark plug. The flame enters the drum through a central hole in the fire-

brick lining on the end; the Waste (exhaust) gas from the test cells is fed

into the flame in the central part of the drum by means of a downstream

facing duct. The unit is firedpriortothebeginning of a test in the cell below

it. These units were installed after hydrazine testing began,in order to

eliminate a problem with ammonia odors in the test buildings, and they

have been quite successful.

In addition to the rooftop units there is a large incinerator, originally

manufactured by Hirt Combustion Engineers, that services the test facility.

Deluge water from the cells is drained to a sump adjacent to this incinerator;

when enough accumulates, the incinerator is fired and the contents of the

sump injected into it. In addition, there are 6" lines coming directly to the

incinerator, through a liquid-vapor separator in the sumps, from two of the

test cells for exhaust gas from engines running in those two cells.
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Both liquid and vapor can be fed to the incinerator simultaneously.

Natural gas and waste vapors are injected into the main air stream through

•m array of nozzles, and the liquid is sprayed into the flame region through

a central nozzle. Tile sump pump, which supplies liquid to this central

nozzle, can draw either from the sump, from the liquid-vapor separator,

or from a small external tank that can be used to dispose of contaminated

propellants directly. In case of flame-out, the sump pump is shut off, and

a burst disc directs the waste gas flow to the bottom of the sump, where it

bubbles through the sump water to atmosphere.

With the exception of this system, which has apparently not been

used for the destruction of actual hydrazine vapors (as opposed to dissocia-

tion products), we know of no applications in which hydrazine-containing

vent gases are fed to any sort of incinerator, combustion chamber, or flare

l)u rne r.

111. A. 2. Thermochemical Aspects

The discussion of thermochemical aspects presented in Section IIA,

Incineration of Liquid Hydrazines, applies equally well to the incineration

of hydrazine vapors. From the point of view of combustion, the only dif-

ference between liquid and vapor is the difference in enthalpv (latent heat),

which u:ill have a slight effect on flame temperature (higher in the case of

vapor).

Another difference does exist, however, in that it is not expected

that pure hydrazine vapors will normally be encountered in any disposal

system. Since the hydrazines are normally liquid at standard atmospheric

conditions, their vapors can only exist in mixtures containing noncondensible

gases. The vapor pressures of N2H 4, MMI-I, and UDMH at 25 C are given

in Table XVI. The mole fraction of any constituent in a mixture of perfect

gases is equal to the ratio of its partial pressure to the mixture pressure,

.and in equilibrium the partial pressure cannot exceed the vapor pressure

corresponding to the temperature of the mixture. The maximum, or satur-

ation, mole fractions for hydrazine vapors mixed with other gases at standard

atmospheric conditions are also given in Table XVI. Saturation mass fractions,

©
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in mixtures with nitrogen at one atmosphere, are also given. At higher

pressures, saturation mole fractions and mass fractions will be smaller;

at higher temperatures, they will be larger.

The presence of the noncondensible gas, such as nitrogen, will

tend to lower the flame temperature considerably, particularly in the case of

N2H 4. Formation of oxides of nitrogen will actually be Teduced by extra

nitrogen but there might be considerable difficulty obtaining complete com-

bustion. One solution might be combustion at a very lean hydrazine-air ratio,

with large amounts of natural gas or other auxiliary fuel used to provide an

adequate flame temperature. In this case, however, destruction rates would

be very low and there is still some question whether the percentage of hydra-

zinc actually destroyed would be increased significantly, or whether the

hydrazine discharge would simply be considerably diluted by the excess air

and other combustion products.

An alternate solution might be the use of hydrogen, with its very

high flame temperature and wide combustion limits, as the auxiliary fuel.

II1. A.3. Environmental Standards

Environmental standards are the same as those presented in

Section II. A. ,Incineration of Liquid Hydrazines.

©

Ill. A. 4. Overall Evaluation

We believe that the incineration of hydrazine vapors is potentially

a thoroughly acceptable disposal method. Among other possiblilties,boththe

SUE burner described in SectionII.A.Jncineration of Liquid Hydrazines, and

the Martin flare burner de scribed in Section V. B. _itrogen Tetroxide Vapors,

could perhaps be modified to accommodate hydrazine vapors.

We do not believe that such modifications will necessarily be simple

or straightforward, however, primarily because of the low saturation concen-

trations described in Subsection 2 above. In particular, it seems likely that

a vapor burner might be developed which would look very satisfactory in

operation, but which would actually be doing little more than burning an auxil-

iary fuel and diluting the hydrazine vapor to low concentration.

O

106



An ac_.<,pt:lhlc hurncr Ior hyd1":izinc V:li_," shouhi l_J _:as<mahl v

_ln;lll, with HII_I"I i_l't_.llt_.at line's "111(| i't,a,'4on_tllJv ]_w sccont[ar.V fuel con-

sunlpiit,u, and should I,l_ e.qmbh, o1"m,tuallv dcstl'oying dilute mixtures _t

hydraz, inc vapors in relatively i11crI c.lrricr g:iscs such ns nitrogen, llntil

such :l burner is developed :lnd conclusively demonstrated, wc must judge

this disposal method unacceptable for current application.

B. VAPOR SCRUBBING

III. B. 1. Current Applications

At least three organizations contacted in Phase 1 of this study vent

hydrazine vapors through water scrtbbers. The water from the scrubbers

is then discharged to either a neutralization or an oxidation pond. Other

organizations vent directly to the atmosphere, usually with some sort of

meteorological checks ,and restrictions.

IIL B. 2. Chemical Description

The pertinent equations are:

i.

O

N21I 4 + H20 ;3olution of N2H 4 and NH 3 or amines

CH 3 N2tt 3 + H20 ) Solution of MMH and NH 3 or amines

3. (CII3) 2 N2H 2 + H20------_Solution of UDMH and NH 3 or amines

.i. N2Hi + (CH3) 2 N2H 2 _ H20 ------_Solution of N2tt 4, UDMH and

NH 3 or amines

This aqueous solution shotdd then be treated in either a neutrali-

zation pond 6r an oxidation pond, as discussed in Sections II. C. and II. D.

III. B. 3. Environmental Standards

Environmental standards for hydrazine vapor are detailed in Section

II.A,Incincration of Liquid Hydrazines. Environmental standards for liquid

discharges arc detailed in SectionII. C. ,Chemical Treatment of Liquid Hydrazines.
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111. II.-I. Iiltetlu_ I'cbr I';vuJuation

l'ubl I shed d'lta on the :u:tu al pe rfo rm anee of hydrazine wtpo r

scrublx, rs have not been available. Informal contacts have indicated that

field measurements have never shown significant concentrations of

hydrazine vapors being discharged from scrubbers.

It should be remembered that the water scrubber, as shown by

the equations in Subsection 2, is not an ultimate disposal system but

simply a device for exchanging the vapor disposal problem for a liquid

disposal problem. Since Section II of the portion of the report describes

several acceptable methods of liquid disposal, this exchange seems to be

a well-founded one.

IIl. B. 5. Overall Evaluation

Vapor scrubbing is the only disposal method currently in use for

hydrazine vapors other than direct discharge to the atmosphere. There is no

doubt that it is environmentally better than atmospheric discharge.

On the basis of information available, our assessment of this dis-

posal method is that it is environmentally acceptable, provided the hydra-

zine-bearing liquid effluent is treated according to the principles set forth

in Section II.

Two additional methods of treating hydrazine vapors were studied

during Phase 3 of this study: condensation, and catalytic decomposition.

Results are reported in the section on Alternate Disposal Methods.

O

C. VENT TO ATMOSPHERE

Venting of hydrazine vapors into the atmosphere is common practice;

precautions vary from zero to fairly elaborate modeling to determine whether

meteorological conditions are such that turbulent mixing will reduce concen-

trations below certain threshold values. Most common is for wind direction

and velocity to be monitored; near-zero wind or certain wind directions can

shut down operationS.
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The provisional maximtuu exposure limit (see Section II. A. ) of

0.01 ppm in the atmosphere, if applied am'where near the vent stacl,,

would preclude venting directly to the atmosphere at significant flow rates on

all but the windiest days. Even more liberal standards would place severe

restrictions on vent operations. Very tall vent stacks alleviate the problem

of concentrations at ground level under most conditions, but there is no

guarantee that air pollution standards will be applied only at ground level.

In view of all these considerations, it is our conclusion that direct

•"ltmospheric venting of hydrazine vapors is an environmentally unacceptable

disposal method except in special cases where only minute vapor quantities

arc involved.

(i!
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IV. DISPOSAL OF LIQL_ID NITROGEN T ETROXIDE

(DINITROGEN TETROXIDE - N204)

,/

A. INCINERATION

IV.A. 1. Current Applications

Of the m_my incinerators now on the market, at least a few seem

suitable for propellant disposal. One, designed by Thermal Research and

Engineering Corp., of Conshohocken, Pennsylvania, has been in use at

Cape Canaveral over a decade and still seems to be giving very satisfactory

performance; it has been used for disposal of aqueous solutions of

hydrazines and N204. Thermal has not designed any other incinerators

for this purpose since then, but is still active in burner design and emissions

control. The Marquardt Company of Van Nuys, California,markets commer-

cial fume incinerators and liquid incinerators which are an outgrowth of

their work in the ramjet combustion field, and have run tests on disposal

of N2H 4, UDMH, and N20 4 in their Sudden Expansion (SUE) incinerator.
I

IV.A. 2. Thermochemical Aspects

Table XVII lists some of the physical properties of nitrogen tetr(_xide.

The liquid is an equilibrium mixture of NO 2 and N204, brown in color, that

is prepared industrially from nitric oxide (NO) and air. At 20 °C, the equili-

brium composition of the liqu'id is 16% NO 2, 84% N204. N204 vapors are

colorless, but they decompose very rapidly to form NO2; at equilibrium at

25°C, one atmosphere,the N204 is 27% dissociated.

NO 2 is one of the most insidious gases known. Inflammation of lungs

,nay cause only slight pain or pass unnoticed, but the resulting edema several

days later may cause death. 100 ppm is dangerous for even a short exposure,

and 200 ppm may be fatal.

Threshold Limit Value(TLV) as recommended by the American

Conference of Government and Industrial Hygienists (ACGIH) is 5 parts per

ii0
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million in air, or 9 milligrams per cubic meter of air.

N204 does not burn, but supports the combustion of carbon, phos-

phorous, and sulfur. It is soluble in concentrated sulfuric and nitric

acids,decomposes in water forming nitricacid (HNO3) and nitric oxide (NO),

and reacts with alkalies to form nitrates and nitrites. It is corrosive to

steel when wet, but may be stored in steel cylinders when moisture content

is 0. i_, or less.

TABLE XVIl

PHYSICAL PROPERTIES OF N20 4

Molecular Weight

Color

Nitrogen

Oxygen

Density 2_

Melt ing Point

Boiling Point

Heat of Vaporization at 21.0°C

Critical Temperature

C riticnl Pl_ssure

92.02

Colorless (NO 2 is red brown gas)

30.45%

69.55%

1. 448 g/CC

-9.3 C

21.3 C

99.0 cal/g : 4555 cal mole (NO,j

158.2 C

100.0 atm

NO 2 and N20 4 are dangerous. When heated they evolve highly toxic

fumes; they will react with water or steam to produce heat and corrosive

liquids; they_ can react with reducing materials. The odor thresholds for

NO 2 are less than 0.5 ppm.

N20 4 decomposes relatively easily and supports combustion. With

proper feed rates and the use of auxiliary fuels combustibility is readily con-

trollable. Temperature can be controlled over some range by varying the

air/fuel ratio. A minimum temperature must be maintained for satisfactory

decomposition of wastes; rates of reaction are increased rapidly by higher
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temperatures. Combustion at high temperatures, however, slowly con\ert

atnlospht, rie N.,_ to NO. This N() is oxidized, either slowly lw. ()_. or ral_i_llx

hV ()'l' to I_t'odlu'P N()._. Cot|_lnlstion e:m I_, d¢,sc, ribod I)v ilu, I'_lhnvil._

O(Itl;I I i_ HI:

Auxii iary

N201 t I"UEL-t-AII{----_N 2 m(,112 _ 1120 + (I12 _ C1) mNE)x) ,

* traces

The degree of turbulence in the reaction zone significantly affects

the incinerator performance. Intimate mixing of the fuel and NO 2 is

required for completeness of combustion. Ideally, adequate destruction of

waste propellant is the reduction of N204 to N2 with minimum NO formation.

Effectiveness is judged by the combustion results as indicated hy stack

effluent analysis.

Thermal Research and Engineering Corp. has discussed a nmllber

of methods used to control NO x emissions during combustion processes. An

equilibrium burner with good internal recirculation characteristics produces

low NO x levels because the mixing at equilibrium leaves little oxygen for

nitrogen oxidation. Another technique uses two stage combustion where the fuel

is burned with less than theoretical air in the primary stage. Air is injected

into the second stage to burn the remainder of fuel. A third procedure is

flue gas recirculation. The gas at the end of combustion is recirculated into

the combustion chamber. The result is lower flame temperatures and oxygen

concentrations because of dilution with relatively inert gas. This treatment

is not generally used for low NO x concentrations. For low concentrations

magnesium hydroxide scrubbing is promising. Also sulfuric acid scrubbing

or alnmonia reduction and scrubbing are possibilities.

The theoretical compositions of the products of combustion of various

combinations of N204, natural gas, propane and air were computed by the

Marquardt Company as part of Air Force Rocket Propulsion Laboratory Con-

tract No. leo 4611-73-C-0007.1 These computations were based on NASA

Report SP-273, "Computer Program for Calculation of Complex Chemical

Equilibrium Compositions, Rocket Performance, Incident and Reflected Shocks,

and Chapman-Jouguet Detonations" by Sanford Gordon and Bonnie J. McBride,

ijoel E. Hutson, ,'roxic waste Burner Evaluation", Final Report, AF-RTI_L

Contract No. F04611-73-C-0007 (Marquardt Report S-1271), November 1973.

,_-)

()
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1971. The results are reproduced in Figures 10 through 12 as useful guide-

lines for future equipment evaluation. Figure 11 indicates that satisfactory

ot)t'r:ltjoll ('an IX, obt:ljnt, d at o_er ,'g[ojChiollle| ['i(' eomlitions x_iih lill h, (,,_(,_,:_:_

:lit" I)l't',nt'llt. I'hus, a woighl I':lliq_ (d" I)r()t):lno |o N2() 4 whivh is s(_tll('wh:tl

Ioss than 0. 15 results in loss than 21)0 1):It_s l)cr million of N() l)r()(lu('ti(_n.

Figure 11 also shows that hydrogen is produced from traces up to

4 x 105 ppm. When the stoichiometric ratio of propane to N204 is used

4 x 104 ppm of hydrogen is produced. Carbon monoxide (CO) is produced

from traces up to 3.5 x 105 ppm. At the stoichiometrie ratio of propane to

N204 about 1.4 x 105ppm are produced. Nitric oxide and nitrogen dioxide

are formed from traces up to over 2x 104 ppm. At the stoichiometric ratio of

prop,me to NEe 4 about 1.5 x 104 ppm are produced.

Operation of an incinerator at lean fuel/N204 ratios with high air

fuel ratios is not feasible due to the low temperature and consequent abundant

NO gas release into the atmosphere. For this reason, under-stoiehiometricx

burning with N204 and air is not considered practical. (The results shown

in Figure 12 seem to be primat:ily dilution effects rather than thcrmochemieal

effects. )

Operation at over-stoichiometric incineration _fueb N20 t_0.4) and with

relatively high fuel/air ratio and higher temperature is more desirable. Under

these conditions more fuel is used and more CO and H2 generated but the

amount of NO x formed is considerably reduced.

Additional discussion of incinerators, and formation of oxides of

nitrogen is presented in Section IT-A.,Incineration of Liquid Hydrazines. One

aspect of combustion not discussed in that section might be especially signi-

fic,'mt in the case of destruction of ,'m oxidizer, however; the possibility of

formation of reactive hydrocarbons. For the complete destruction of an

oxidizer, it is necessary for an incinerator to operate at fuel-rich conditions,

which favor the formation of intermediate products that can be released to the

atmosphere. The complete combustion of a hydrocarbon results in the forma-

tion of carbon dioxide and water,

m
CnH m + (n ÷ --_..) 02 -- ; n CO 2 + ._- H20

but the reaction of the same hydrocarbon with insufficient oxygen results in
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Ill(' I'orm:ltion o[ :ill ahl(,h.vdc .'ln,l :Ill _;11,_,1I":uli(':;I,

IIC _ O------_ i_Cll¢l _ I{* .

The :aldehyde, RCliO, is a smog-forme0', anti the alkyl radical c;m react with

:mother ox.vgen molecule to form a peroxyalkyl radical,

R* +O 2 JbRO2 °

which in turn tends to oxidize nitric oxide to nitrogen dioxide,

RO_ _ NO -_R O ° +NO 2

Although the entire complex suquence of chemical and photochemical reactions

that give rise to smog is still largely unknown, these reactions are thought

to be some of the most important. 2 Their severity is somewhat diminished

in our case by the fact that the reactivity of exhaust emissions is known to be

vcr.v low in cases where propane or meth,'me is the parent fuel.

IV. A. 3. EnviromuentaJ Standards

The State of Florida has the following environmental standards for

nitrogen dioxide:

Alert Status

Warning Status

Emergency Status

Alert Status

Wa ruing Status

Emergency Status

0.6 ppm over period of one hour

1.2 ppm over period of one hour

1. {; ppm over period of one hour

0.15 ppm averaged over 24 hours

0.30 ppm averaged over 24 hours

0.-t0 ppm averaged over 24 hours

Continued exposure of plant life to NO 2 will change the flora of the environment.

The following chart denotes susceptible and resistant species:

2Edward F. Obert, Internal Combustion Engir_s and Air Pollution,

Intext Educational Publishers, New York, 1973, pages 363-373.
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SENSITIVITY OF SELECTED PLANTS TO NITROGEN DIOXTT)E

_l_s it ive

Az:llea Rhl_l(Klelldrouspot;ies

l_e:m, I)into - I>hascohlsvulgnris L.
Brittlewood- Melaleuca Leucadendra

Hibiscus - Hibiscus rosaslnensis

Lettuce (head) - Lactuca sativa L.

Mustard - Brassica species

Sunflower- Helianthus annuus L.

Tobacco - Nicotiana glutinosa L.

Intermediate

Cheeseweed- Malva parviflora L.

Chickweed- Stellaria media Cyrill

Dandelion - Tar,'uxaemn offiein'de Weber

Grass, .-mnual blue - Pea annua L.

Orange - Citrus sinensis Osbeck

Rye - Secale cereale L.

.!

Resistant

Asparagus - Asparagus officinalis L.

Be:m, bush - Phaseolus vulgaris L.

Carissa - Carissa carandas

Grass, Kentucky blue - Pea pratensis L.

Heath - Erica species

Ixorn - Ixora species

Lamb's-quarters - Chenopodium album L.

Nettle-leaf goosefoot - Chenopodium species

Pig-weed - Chenopodium species

Source: Recognition of Air Pollution Injury to Vegetation: A Pictorial Atlas T
J.S. Jacobsen and A.C. Hill, Eds., Air Pollution Control Association

and National Air Pollution Control Association, Pittsburgh, Pa. 1970.
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l'hc SI_II,'of l,']orld:lnl,_ohn_ lhc l,Hl,nvingcnvir(mnlenl'll _l:Ind:li',l,_

i'o 1" C;I I'1)011 IllOllOXidc:

Alert stage

Warning stage

Emergency stage

15 ppm

30 ppm

40 ppm

8 hours average

8 hours average

8 hours average

At the present time there are no standards for hydrocarbons.

Established toxicity levels for NO and NO 2 are given in Table XI,

SectionILA., Incineration of Liquid ttydrazines. Established criteri_l for

planned and accidental releases arc given in Table XII of the same section.

The TRW repolVt 3 does not specifically treat oxides of nitrogen, but our

assumption is th:lt the usu_d standard for provisional Maximum Exposure

Limits - one per cent of the TLV's - would also apply here, yielding 0.25 ppm

for NO, 0.05 ppm for NO 2.

IV. A. 4. Bases for Evaluation
, ,

Table XVII1, compiled from available analytic reports 4, 5, 6, 7 shows

the high and low concentration of combustion products from incineration of

N20 4. A study of these repol_s shows that under optimum conditions only

small quantities (5 - 500 ppm) of NO pollutant are formed, but up to 10 orx

20 times these amounts can form under non-optimum conditions.

It should bc noted that all of these data were obtained from two incin-

erators - the Thermal Research incinerator installed at ETR, and the

Marquardt SUE incinerator. These incinerators are quite different in concept,

3Op. tit., Vol XlI.

4pan Am Internal Report U 327, dated 3 January 1972.

5pan Am MD-EH Internal Report, dated 26 February 1971.

6Pan Am Internal Report dated 8 October 1970.

7joel E. Hutson, op. cit.
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TABLE XVIII

CONCEI_FRATIONOF N204 COMBUSTIONPRODUCTS

Low High

NO x , ppm *

CO, ppm or %

co 2 ,

0 2 ,

It 2 , ppm ore'

Total HC, ppm

}IC (As CH4), ppm

250

1 ppm

8.3

4.6

no data

4

23

* Thermal Research Incinerator, ETR

799O

.5%

16.7

7.9

no data

40.1

17,010

the Thermal Research unit being a very large incinerator that handles N20 4

as a dilute aqueous solution, and the SUE incinerator being the relatively

small, quick-response trait described in Section If. A., Incineration of

• were re-Liquid llvdrazines. Both the highest ,,rodlowest figures for NO x

co_xled with the Thermal Research unit; all of the test runs with the SUE

unil produced off-scale (_ 2000 ppm) NO readings.

The Therm_d Research unit is not currently being used to destroy'

waste nitrogen tetroxide, and possesses the disadvantages of other large incin-

erators in terms of auxiliary fuel consumption and long preheat cycles. The

SUE results, however, require further discussion.

The SUE Test program, using N20 4, was prematurely terminated
, 8

after onb a few runs, and the Marquardt report describes the results as

"inconclusive". Satisfactory N204 destruction, in terms of no noticeable

exhaust color or odor, was obtained in two ways:

SOp. cit., page 31.

¢5
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I. "lw... :u_hiovitll: l'i_'Ji ,'_,i,11ut:;li,_ll _'ilh C311 _ :Iml :li," _111_; lht._

_imllll:lm'(_u,,cl.v I)riiw..,l_;, ' ,,_ N-"( ) i' iiit" I't';i_illg C311_, :,u(I ,I,',,' r,L,:l,,-:i,)_ :li _

Imti] _ttfi'icit'nt fut'l _',':_ :lV:lil:ll,it' i.o lht'oretically i)r,.)_,ide o',,'_.,,'-

stoichiometric burning of botll air and N.,)O 4. ,,9

2. "at .'t constant C3H 8 , N204 ratio and decreasing amounts ,)f

air .... As air flow was reduced ... the exhaust cleaned ttp

until no discoloration or odor was noticed. "9

In neither ease, however, was it possible to bring NO emissions within Lhe

range of the instrumentation.

By way of explanation of the high NO readings, the autht,r points

out that "There arc several possibilitic, s such :_s instrument error in NO

me:lsul'enlcnts (,r flow rate errors in t)rol,ellant meters. " 10 There :l_'e

also other possibilities more closely related to the actual incinerator per-

formance.

A comment is probably in order at this point regarding discrepancies

between theoretical and observed products of combustion. There is no

reason to expect that the equilibrium compositions of Figures 10

through 12 (or 2 through 5) will necessarily be achieved in any 0articular

incinerator. In particular, failure to achieve the desired results can be

caused by the following:

1. Failure to achieve equilibrium, through poor mixing, short

stay times, etc. The theoretical calculations are made on the

basis of all reactions going to completion.

'2. Non-uniform incinerator flow conditions. Measured inlet flow

rates give average values only for mixture ratios; local variations

could result in different product compositions at different points in

the incinerator. In paL'ticttlar, local hot spots can result in large

NO formation in almost any sort of air-breathing combustion chamber.

9Op. cit., page 32.

10Op. cit., page 33.
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_,Vt" :1.1"¢' I1()( _LI lhi._ p_)inl I)l'o_,'lll Oil),,, ;lily. vt)i_t'lumi(bn_ I't_g:ll'(lilt),_ ill('

_111,: I)til'lll'l"S i)t,t'l()l'itl:ttlee ill li1,:_ i'_':_l)(,t't , hill Itl('l't']y l'{'('()l',ling _otll(' ,d

the l)ossihililies, l{eeomnlcml:Hion._ for ftlrlil('l" Wol'k mad{' ill the M;II'(II.I:IP_]I

report include "re-evaluation of the incineration configuration and injection
11

system"

In the various reports used to compile Table XVlII, a variety of

techniques were used to measure NO and NO 2 concentrations, mostly based

on commercially available instrumentation. One method in particular that

should be recorded at this point is an analytical method developed by the

Pan American Environmoatal Health Laboratory to enable determination of

NO 2 in air down to 0.01 ppm. A general description is quoted.

Nitrogen dioxide is determined by the diazotization of sulfanilic acid and

subsequent coupling with N- (1-napthyl) - ethylenediamine to form a deep
red coh)r.

Apparatus:

1. Speetrophotometer for use at 540 mu.
used for moderate concentrations.

2. 50 ml. volumetric flacks

3. 25 ml. pipettes

Olle Cm. light path cells are

Reagents:

1. Sulfanilic Acid Absorbing; Reagent: Dissolve 5 g. of sulfanilic ;,,cid
in approximately 500 ml. of demineralized water in a 1000 ml. volumetric

flask. Add 140 ml. of glacial acetic acid and 20 ml. of 0.1_ N - (1- napthyl) -
ethylenediamine. Dilute to 1000 ml. with demineralized water. Store in
brown bottle in the refrigerator.

'2. Sodium Nitrite Stock Solution tfor water samples): Dissolve 0.1568 g.
of anhydrous sodium nitrite in 500 ml. of demineralized water in a volumetric

flask. Add 1 ml. of chloroform (CHC 13 ) as a preservative and make up to
1000 ml. with demineralized water. One ml. produces the color equivalent
of 100 rag. of nitrogen dioxide.

3. Sodium Nitrite Stock Solution (for air samploe): Dissolve 0. 0203 g.
of anhydrous sodium nitrite in 500 ml. of demineralizod water in a volumetric

flask. Add one ml. of chloroform (CHCI 3 ) as a presorvative, and make up
to 1000 ml. with demineralized water. One ml. of this solution produces the
color equivalent of 10 ml. of nitrogen dioxide. (10 ppm in one liter of air at
760 ram. of Hg at 25 C).

O

llibid.
\)
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Procedu re:

1. Pipet 25 ml. (or a knoun volume_ of sample into a 50 ml. vohm_e-
trie flask.

Fill the flask with absorbing reagent.

Let stand for 15 minutes.

Measure optical density at 550 mu. Use 5 cm. cells if color is
faint.

.

3.

4.

Sample Preparation:

Air samples can be drawn through 10 ml. of absorbing reagent in a bubbh, v

or into an evacuated l'htsk containing 10 ml. of absorbing reagent. In the
latter case, at least 15 rains. (with oceasional shaking) should be allowed
for complete color dcvelopmenl. Interference in color production by other
nitrogen oxides is negligible. Sulfur dioxide in relatively high concentra-
tions (100-1000 ml. ) and chlorine reduce the color formed .

IV.A. 5. Overall Evaluation

The theoretical results in Subsection 2 above indicate that a well-

designed incinerator, operating with carefully-chosen N20 4 / fuel air

ratios, should be capable of successfully destroying N20 4 with relatively

little formation of NO or other dangerous emissions. The data in Subsection -t,

however, show that these results have not .vet been demonstrated in a small,

quick-response incinerator. Environmentally acceptable destruction has been

obtained in the large Thermal Research incinerator, although apparently not

with great consistency. As we commented in discussing incinerators for

liquid hydrazines, the overall environmental impact of a large burner with

high fuel consumption and long pre-heat periods might be much more adverse

than considerations of trace species concentrations in the effluent would

ind ic ate.

The SUE incinerator has waste destruction rates comparable to the

large traditional units - up to 0. 313 pounds per second in the Marquardt

tests, or about 1.5 gallons per minute (8000 gallons in 90 hours). If low NO

emissions could be demonstrated, this unit would be extremely attractive.

As discussed in the evaluation of incinerators for liquid hydrazines, other

small incinerators could also be developed for this purpose, and a higher de-

gree of application of advanced combustor technology could probably be expected.
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There is an inherent problem regarding destruction of oxidizers

rather than fuels through combustion that cannot be overlooked. Complete

destruction in this case requires rich, rather than lean, mixture ratios.

Fuel-rich combustion is almost always less environmentally acceptable

than lean combustion because of the formation of partial products such as

CO, ketones, aldehydes, olefins, etc.

Our overall evaluation is that incineration of N204 waste is theoret-

ic,_lly an acceptable means of destruction. In practice, it has not been ade-

quately demonstrated to date from the st,'mdpoint of NO emissions, although

in other respects it appears to be successful.

B. CHEMICAL NEUTRALIZATION

IV.B. 1. Current Applications

By far the most common means of disposing of N204 is dilution fol-

lowed by neutralization. The chemical industry recommends soda ash, lime,

or other alkali for neutralization. Substances used by the organizations con-

tatted include sodium carbonate, triethanolamine, and sodium hydroxide.

Several have diluted and added the mixture to the same holding ponds used

for hydrazines; these ponds were then neutralized using sodium hydroxide or

hydrogen peroxide with copper stdfate catalyst, or both. Additional details

on all these approaches are given in the portion of this report on Phase 1, Current

Disposal Methods.

IX'. B. 2. Chemical Description

The process for treating waste N204 is similar to that used for

treating N2H 4 except that all the reagents are basic. Chemical neutrali-

zations initially require dissolution of N204, which is converted to nitric acid

(HNO3) and nitrous acid (HNO2). These acids are subsequently neutralized

with suitable alkali, as shown in the following equations and in Table XIX.

HNO 3 + HNO 2 + 2Na HCO 3 ," Na NO 3 + Na NO 2 _ 2H20 + 2CO2' _
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IIN(} 3 _ IINO 2

HNO 3 , ItNO 2

HNO 3 + HNO 2

HNO 3 + HNO 2

NO 2

In hot water:

In cold water:

b N'I.. CO 3

_ 2C a (OH) 2-

+ 2Na OH

+ Mg (OH)2- . )Ms (NO3) 2 + Mg (NQ2)2

reactions differ in hot and cold water.

3NO 2 + H20 J 2HNO 3 + NO

2NO 2 + H20 • HNO 3 + HNO 2

._Na NO 3 f N;| NO 2 4 !1._O_ , C().__ T

Ca (NO3) 2 + Ca (NO2) 2 + 2H20

Na NO 3 + Na NO 2 + 2H20

+ H20

Triethanolamine was not included in Table 10 because of a reported

explosion resulting on one occasion by neutralizing insufficiently diluted

N204, as well as its relatively high cost.

The prc×tucts of N204 neutralization are NO3, NO 2 ,with the metallic

ion of the reagent and CO 2 if a carbonate is used. The precautions for

handling hazardous materials apply as well to N204 as to N2H 4.

The effluents are inconspicuous and contain ions of NO 3, NO 2, Na +,
_+

Ca , or Mg ++, depending on which neutralizing reagent is utilized. The

effluent may be toxic and corrosive due to NO 3 and NO 2 ions present up to

a few tenths of 1%.

The urea reaction given in the literature is not utilized by any

company contacted.

©

©

IV. B. 3. Environmental Standards

The State of Florida has ruled that drinking water shall contain no

more than 45 ppm of nitrates and that sewage effluent contain no more than

3.0 ppm of nitrates analyzed as nitrogen. Other pertinent standards are: ©
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I. a limit of 80-100 ppm of CaCO 3 in city drinkin_ water.

2. a limit of 500 ppm in tot_ dissolved solids in city drinking
water.

Most cities will treat water until the above standards are met. New regula-

tions pertaining to each specific industry are currently being written, however.

Table XV, in: Section II. Co, Chemical Treatment of Liquid Hydrazines, lists

recommended provisional limits for a number of other possible neutralization

pond effluent constituents.

IV. B. 4. Bases for Evaluation

The most important consideration in evaluating the neutralizing

agents is the effectiveness of the agent and its safety properties, All the

neutralizing agents are essenti_dly equally effective but the strong bases

Ca (OH) 2 and Na OH are a hazard in that they can cause severe

burns if accidental skin contact occurs. The second most important con-

sideration is the environmental hazard. Calcium and magnesium salts can

harden water and thus present an environmental disposal problem. The

combined weight of NO 3 and NO 2 ions will be approximately the same for

all reagents and present equivalent problems. The least important consi-

deration is cost. The cost of neutr_izing one pound of N204 with each

neutralizing reagent is listed in Table XIX.

t

IV. B. 5. Overall Evaluation

Each neutralizing agent is given a rating 1 through 3 in each of the

following three categories. Each of these categories is also rated according

to its importance as shown in parentheses, i.e., a weighting factor yielding

a possible maximum total of 18 points.

(3) Safety and Effectiveness

(2) Environmental Hazard
(I) Cost

The ratings are shown in Table XX. The rating of each compound is multi-

plied by the rating of each category. These three products are summed to

yield a number indicative of the overall advantages of each neutralizing

agent. For example, a rating of 3 in Safety and Effectiveness means the
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agent is essentially lmrmlcss and yields a harnlless product upon rea¢lion

with N._O4. A rating of 2 or 1 means the agent has importmlt disadvant_-lges
in this category. A rating of 3 in the enviromnental hazard category means

the product of reaction with N204 is as harmless to the environment as can
be expected. A rating of 2 or 1 means that the product constitutes a more

serious environmental hazard. A rating of 3 in cost means the price ranges

from $0.01 to $0.10 to neutralize one pound of N204. A rating of 2 indicates

the cost range of $0.11 to $0.20. A rating of 3 is anything beyond $0.21.

Thus it is seen from the table that the agents Na HCO 3 and Na2CO 3

seem to be overall the most advantageous neutralizing agents for N204.

In terms of evaluating chemical means of destroying N204, a

brief quantitative example is probably in order. It is estimated that approx-

imately 480 gallons of N204 will be vaporized during the loading of 8000

gallons onto the Space Shuttle. If it were necessary to dispose of such an

amount of liquid N204, by, neutralization with NaHCO 3, 5.28 tons of the

neutralizing agent would be required at a cost of roughly $1000. The cost

figure seems reasonable but the bulk of NaHCO 3 that would have to be

handled and used makes neutralization feasible but tmattractive. Also, this

neutralization would produce approximately 4403 Kg (9686 lbs. ) of sodium

nitrate and sodium nitrite. In order to maintain the same environmental

standards as a sewage plant this material would have to be diluted with approx-

imately 3.9 x 10I_allons- of water. This is clearly impractical. An .alternative

wotdd be to allow the neutralized solutions to sit in holding ponds and allow

evaporation to occur. The solid nitrate and nitrite could then be trucked

away and used as fertilizer.

C. SIMPLE DILUTION WITH WATER

_i ¸ ,_"

IV. C. 1. Current Applications

None of the organizations contacted during Phase 1 of this study re-

ported that simple dilution and discharge of liquid N20 4 is being practiced,

although it seems likely that at least for small quantities this method sees

widespread, if informal usage. Three organizations reported dilution fol-
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lowed by discharge to general purpose holding ponds, with no further for-

real treatment; reaction with dilute hvdrazine fuels in the same holding ponds

is tu'obably significant in re:my cases, however.

IV. C. '2. Chemical Description

With cold H20, N20 i forms nitric and nitrous acids according to

the equation.

2NO 2 + H20 _ HNO 3 + HNO 2

IV.C.3. Environmental Standards

The State of Florida requires that when dumping an acid into a

stream the pH of the stream must not be changed more than 1.0 pH unit.

0.1 N nitric acid has a pH of 1.2. Thus dilution to 1 x 10 -6 N would be re-

quired to produce a pH of 6.0. This dilution would require 1.6 x ] 06

gallons of water per gallon of N204. Alternatively, dilution of N204 to a pH of

I. 0 would require approximately 160 gallons of water per gallon of N20 t,

:rod would leave an effluent of such low pH as to be still clearly hazardous.

©

IV. C. 4. Overall Evaluation

This method is environmentally acceptable if sufficient water is

available to allow dilution to a pH of 6 prior to discharge. The practicality

clearly depends onthe amount to be diluted and the availability of water. For

disposal in significant quantities, attention would have to be given to means

of assuring proper dilution. For example, a holding pond where pH could

be monitored prior to release would be acceptable, as would a steady flow

mixing apparatus; more casual dilution methods would not be acceptable.

This method has an advantage over chemical neutralization and in-

cineration in that nothing ',extra" is added to the disposal problem. Both

other methods result in the need to dispose of calcium or sodium salts, or

possibly to discharge hydrocarbons to the atmosphere. On the other hand,

the other methods result in more positive elimination of the N204.
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I). I')ISI_I_S,'\I, AN A VAI'()I_

The disposal methcgis outlined above all treat the nitrogen tetroxide

as ,'l liquid. Since the boiling point of nitrogen tetroxide is 21 °C at one

atmosphere pressure, it is ,also feasible to evaporate the liquid and dispose

of the vapor according to one of the methods described in the following

sections. Two of these methods - the absorption (scrubbing) techniques -

simply amount to returning the vapor to a liquid state. The other two -

flare burners ,and atmospheric venting - are essentially different disposal

techniques from those discussed in the preceding sections, ,and might

represent additional viable methods for disposal of liquid nitrogen tetroxide.
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V. DISPOSALOF NITROGENTETROXIDE VAPORS

A. FLARE BURNERS

V. A. 1. Current Applications

A proprietary Martin-Marietta Corp. flare burner, designed and

developed during the late 1960's, has been installed at the Johnson Space Center,

Houston, Texas; Western Test Range, Vandenberg Air Force Base,

California; and White Sands Test Facility, Las Cruces, New Mexico; as

well as at Martin-Marietta's Denver Division. The unit was originally

designed for use at Titan II sites, and it seems likely that _a number are

also currently located at these installations. This design is the only one we

know of that has been used for disposal of nitrogen tetroxide vapors.

This unit consists basically of a cylinder (one standard configuration

is 8" diameter by 3'long} containing a plenum in which propane and waste

N2Ot v:_pors are injected, and a burner head. The plenum is designed in

such a way that the propane and oxidizer don't come into contact with each

other until they reach the exit plane of the burner. A wind shroud protects

the head from flmue out. A continuous pilot is provided at the top of the

burner head to ignite the gas mixture. Approximately 10 pounds per minute of

N20! can be destroyed in the case of the 8 inch configuration. Essentially,

the brown NO 2 vapors from N20 4 are reduced to N 2 and a small mount of

NO, which are colorless (and therefore invisible) gases.

A larger version of this burner, with a capacity of 30 pounds per

minute of N20 4, was recently installed at Johnson Space Center.

©
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V. A. 2. Thermochemical Aspects

The unit is basically similar in its principles of operation to the

incinerators discussed in Section IV. A., Incineration of Liquid Nitrogen

Tetroxide. Fund,_.mental differences are that the combustion zone is

external, rather than internal; there is no control over the air supply;

and there is less latitude for refinement of the design (combustion chamber

parameters, nozzles, secondary air, etc.). Testing is complicated by the

fact that combustion is accompanied by uncontrolled dilution, and that the

effluent is unconfined (giving rise to problems regarding where samples

should be taken). On the other hand, the characteristic of a central C3H _

N204 flame, with an unlimited quantity of air available surrounding the

flame, might well constitute a favorable environment for N20 4 destruction

that would be difficult to duplicate in an internal combustion incinerator.

The stoichiometric equation for reaction of N204 with C3H 8 is

5 N20 4+2C3H 8 ,6CO 2 +8 H20+5N 2 .

The limitations of this sort of equationhavebeen discussed extensively in

earlier sections on incineration, including the need for fuel-rich operati_m

to assure complete destruction of N204. In addition to reaction, howeve r,

dissociation is of prime importance in discussing N204 destruction.

At low temperatures (up to 200°C or higher) N204 dissociates to

form NO 2, with only traces of NO:

_X

N204" _ 2NO 2 + trace NO.

AI high temveratures (2000°C or higher) the NO 2 in turn dissociates

according to two dissociation equations:

2NO2-'

2NO 2'

2NO + 02

N 2 + 202

where if other constituents are predominantly oxidizing, the first equation

is most important, but if they are strongly reducing the second dissociation

predominates. In other words, fuel rich combustion also favors the desir-

able NO 2 dissociation, as opposed to the formation of NO. (These dissociation
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considerations were implicit in Ilu' Iheot'etical pt'tntictions rel_ortcd in
earlier sections on incineratitm.

V.A. 3. Environmental Standards

Environmental standards are detailed in Section IV. A., Incineration

of Liquid N204.

t

V.A. 4. Bases for Evaluation

The only published data on effluents from these flare burners resulted

from a test program conducted at White Sands Test Facility several years
1

ago. "Samples were obtained simply by holding an inverted funnel connected...

to an evacuated 3-liter pressure bottle over the most dense portion of the

flame, " and were analyzed in an infrared spectrophotometer having detection

limits of 1.0ppm NO, 0.04ppm NO 2, 1.0ppm CO, 0.1ppm CO 2, 0.1 ppm

HC, 100 ppm H20. Results reported were simply that in a lean operating

mode, NO and NO 2 were detected, whereas in the proper fuel-rich mode

only tt20, CO 2 ,and HC were detected. No carbon monoxide was detected in

any of the samples. An interesting statement was that "No attempt was made

to obtain samples that could be quantit_ively analyzed to determine the exact

output of the unit. Since wind conditions at the White Sands Test Facility are

very erratic, sampling for precise quantitative analysis would be difficult

and impractical. "

We believe that these results illustrate our earlier statements re-

garding the difficulty of collecting me_mingful data from this sort of external

combustion device. The absence of both CO _md NO from the same sample

seems somewhat unlikely, except as a result of very considerable dilution.

Perhaps, however, these results can be taken as evidence that the flare

burner does not have any particularly sere re NO problems in the fuel rich

mode.

We have had some personal experience with the flare burner, in

the form of a first hand demonstration. Certainly the unit is capable of

destroying nitrogen tetroxide vapors without producing a visible

plume. In a very fuel rich mode, it tends to be smoky. Whether its overall

©

lIrwin D. Smith, Nitrogen Tetroxide Disposal Unit Combustion Products,
NASA TN D-3965, May 1967.
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L perform.-mce is substantially different from that of the SUE burner de-

scribed in Section IV. A. is impossible to determine, and would require

a fairly extensive test program.

The scope of the Space Shuttle vapor disposal requirements can be

estimated if we assume that 8000 gallo_ of N20 4 are handled during each

loading, at a rate of 50 gallons per minute, with approximately 3 gallons

per minute being lost through the vent system. For this example, total

loading time is 160 minutes, and approximately 480 gallons of N20 4 passes

through the vent system. The smaller flare burner can effectively dispose

of N20 4 at the rate of ten pounds per minute. It would therefore take ap-

proximately 9.7 hours to destroy the 480 gallons of N204 vented during

loading operations. Alternately, four small burners or two large burners

would be required for instantaneous disposal with no requirement for vent

gas storage.

If the N204 were destroyed in a stoichiometric ratio with propane

as in the equation

5N204 +2C 3 H 8 =-5CO 2 + 8H20+5N 2

then 2 moles of propane would be needed to destroy 5 moles of N204. or 1

gram of propane for every 5.4 grams of N204, or 1600 Ibs. of propane to

destroy 480 gallons of N20 4. This cost would be about $98 calculated at a

prop,_.ne price of $0.30 per gallon. Actually, because of the need for fuel-

rich operation, the fuel cost would be somewhat higher, but certainly not

enough to become a particularly significant cost factor.

V.A. 5. Overall Evaluation

The flare burner is considered to be an environmentally acceptable

means of disposing of nitrogen tetroxide vapors, or of liquid nitrogen tetrox-

ide if a suitable evaporation chamber is incorporated. It is not as infallible

as some systems, because it is affected by atmospheric conditions such as

strong winds, _ind there seems to be a greater possibility that raw oxidizer

might escape under unusual conditions. On the other hand, its simplicity and

apparent lack of sources of unreliability are in its favor, as is the fact that

its reliable use seems to have been proven over many years, by various

organizations.
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l'ht' ('x;|_'lll(,l'I'Ol'n}illll._,L_I flu, lltll'lla_ri.,__.,'(,I'}'lllll('h:Ill,_ID('IItlIl.'::li**l_,

ii+ tmr ,,l+iuhm, :i:;tllrt'll_Nt,tl ill lht' l+l't,ct'_lil|F_ ,'-+t't'li_ll. 'Flu' q+lllx" lt'._l ,'t'.'<tlll;;

:ix:_il:ibl_, wct'c not tlutlntitativt' , xVt'l-U thL, result of am app:irt'ntly _-cl:11.ivcly

nlodcst effort, aud in addition wcrc such as to cause some doubt since

neither CO nor NO were reported for fuel-rich runs. We want to emphasize,

however, that while this result seems tmlikely it is ce_ainly not inconceivable,

,and could be a result of the more or less stratified nature of the burner's

combustion zone, with fuel and waste oxidizer in the center and a second

oxidizer - air - surrounding this region. It is possible that combustion here

is sequential in nature, involving first N204 and excess fuel with air entering

after complete N204 destruction but not too late to effectively oxidize the

large amount of CO that must certainly form during primary combustion.

Even so, however, some amount of nitric oxide formation seems inevitable.

At any t_te, our conclusion of enviromnental acceptability is not

based on _my particular assumptions regarding NO or CO formation. Even

if both are formed in relatively large amounts, the burner'is a very signifi-

c:mt improvement over atmospheric venting, which is itself not unacceptable

under favorable atmospheric conditions. The flare burner converts what

would be a dense, noxious reddish-brown plume into an essentially clean,

invisible effluent. Given adequate dilution in an area free of

pre-existing NO .-tad CO problems, the effluent is relatively harmless.x

The difference between what we regard as its worst potential performance,

and the performance reported in NASA TN D-3965, is essentially a difference

between an acceptable disposal system and a thoroughly exemplar)- disposal

system.

©

B. SCRUBBING - ABSORPTION IN WATER

V.B. 1. Current Applications

One of the organizations contacted during phase 1 of this stud), pres-

surizes N2G 4 vapors with nitrogen gas and sends them through a scrubber

and thence to a system of holding ponds. Another organization captures

N204 vapors by sparging through water drums. The contaminated water
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is then reportedly shipped to the NASA facilityat White Sands, Nexv

Mexico for disposal.

V.B. 2. Chemical Description

NO 2 vapors are relatively difficult to absorb in plain water _md

when absorbed form a strong acid:

spray

2NO 2 + H20 .) Solution of HNO 3 + HNO 2

V. B. 3. Environmental Standards

Applicable environmental standards are described and discussed in

Section II. C., Chemical Treatment of Liquid Hydrazine, Section IV. B.,

Chemical Neutralization of Liquid N204, and Section IV. C., Simple Dilution

of Liquid N204 with Water.

V. B. 4. Overall Evaluation j

Providecl that effective scrubbing is accomplished, this method is

essentially just a means of exchanging a vapor disposal problem for a liquid

disposal problem. The liquid should then be disposed of either by chemical

neutralization (see Section IV. B. ) or by dilution with copious amounts of

water (Section IV. C.). Evaluation of this disposal method is dependent on

the ultimate liquid disposal method chosen; see the appropriate section for

overall evaluation ,and restrictions.

C. SCRUBBING - ABSORPTION IN Na HCO 3

V. C. 1. Current Applications

Pad 17 at Cape Canaveral Air Force Station uses a 5% sodium bicarbonate

scrubber when loading N204.

V.C. 2. Chemical Description

Sodium bicarbonate is present as a water solution; NO 2 dissolves in
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the water to form nitric and nitrous acid, as in other disposal processes,
which in turn react with the bicarbonate to form nitrate and nitrite:

2Na HCO3 + HNO3 + HNO2 ._Na NO 2 + Na NO 3 + H20 ÷ CO 2"_

]

V. C. 3. Enviromnental Standards

Applicable environmental standards are described and discussed in

Section II. C., Chemical Treatment of Liquid Hydrazines, and Section IV. B.,

Chemical Neutraliz,'ltion of Liquid N204.

V.C.4. Overall Evaluation

Provided that effective scrubbing is accomplished, this method is

essentially identical to the sodium bicarbonate neutralization method de-

scribed in IV. B. The overall evaluation, and a discussion in practical

terms, are given at the end of that section.

This scrubbing method differs from the water scrubbh/g method of

the preceding section in that it is more nearly an ultimate disposal method,

since the N20 1 (and HNO 2 and HNO3) are actually eliminated. Note, however,

that copious dilution with water would still be required before the effluent

c()ttld be discharged to public waters. Other means of disposal, however,

might be feasible, such as evaporative ponds or controlled ground disposal.

A practical disadvantage to this method is the fact that formation of

solid residues, nozzle plugging, ,and corrosion in bicarbonate scrubbers

result in maintenance and reliability problems.

D. ATMOSPHERIC VENTING

V. D.I. Current Applications

One of the most common means of disposal of N204 over the years

has been simple venting, or boil-off, to the atmosphere. Usually vent stacks
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are relatively high, and meteorological precautions (primarily wind

velocity and direction) are adhered to. In at least one instance, large

fans are used to mix copious quantities of air with the oxidizer vapors and

propel the mixture skyward. Incidents periodically occur, but the) do not

normally seem to be serious. One of the major disadvantages is the

highly visible plume.

V. D. 2. Chemical Description

Nitrogen tetroxide dissociates to a very high degree when it evaporates:

N20 4 _ 2NO 2

The resultant nitrogen dioxide has been discussed extensively in earlier

sections. Further reactions can occur in the atmosphere, including the

formation of "acid rain",

3NO 2 4 H20 > 2HNO 3 + NO

Nitric oxide is slowly oxidized by oxygen, or rapidly oxidized by ozone, to

form more nitrogen dioxide:

NO + 1/20 2' _ NO 2

NO +O, ! . _NO 2 +O 2

i(, ,_'

V. D. 3. Environmental Standards

Applicable environmental standards have been reviewed and discussed

in the various sections treating incineration.

V. D. 4. Overall Evaluation

Since the TLV for NO 2 is 9 milligrams per cubic meter of air, dis-

persai of 480 gallons of N20 4 would require approximately 264,000,000

cubic meters to reduce concentrations to the TLV, or 100 times this volume

to achieve one per cent of the TLV. This latter figure is a volume 10 kilo-

meters square by 264 meters deep - not necessarily an unreasonably large

volume, provided discharge rates are slow enough to allow adequate diffusion

and mixing with this volume of air.
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For Ihi._ i'(,:lsonp W(_ (It_ II()l Ib('li_'V(' Ill:it :t(mosphcric v(,nlill_ i._

inhL,__l_t,nlly unm¢.,_.l,lltablc, ilow(wt_l', olh_,r f:l(;t_,rs must i)c considcrod,

su(.' h ;l_:

l. Variations in weather conditions, and their effect on mixing,

'2. the possibility of local acid rains,

3. the assumption was made above that the surrounding air did not

already contain significant NO x concentrations. If future growth of any

particular region causes increasing NO levels, individual sources will
x

become more and more of a problem.

We therefore conclude that atmospheric venting is not an enviromnen-

tally acceptable method of N204 disposal in terms of planned or future

facilities, except in very special cases: very low vent rates, or very. occa-

sional venting requirements with no prospects for an urgent need to vent

"on demand".

@

©
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VI. DISPOSAL OF LIQUID IRFNA

A. GENERAL REMARKS

Type IIIA or type IIIB IRFNA contains 0.7 -+ 0.1_, HF by weight,

along with 14 -+I.0% of dissolved NO 2. Ithas been estimated that the

quantity of IRFNA waste disposed at ETR is under 200 gallons per year

representing less than 2 gallons of HF (less th,-m15 pounds) per year.

This relatively insignificanttm_ount of pollutant could safely be discharged

into a sewer or stremn with simple water dilution.

Itwas reported that in one isolated incident a 1,600 gallon batch

of IRFNA (used for metal passivation) was disposed of by water dilution

,'roddumping into a lime pit.

B. INC INERAT ION

Pan American World Airways, Inc. Standard Practice Instruction

# 41-26-013 (dated April 29, 1971) includes IRFNA in the incineration pro-

cedure because the characteristics of this oxidizer are similar to N204.

Inquiries revealed,however, that no IRFNA has ever been incinerated at

this installation.

A review of all the contacts made during Phase lof this study also

failed to reveal disposition of IRFNA by incineration. Therefore, we do

not have any actual data from IRFNA incineration to evaluate this method

or to predict the concentration of the combustion emission products with

auxiliary fuels.

Threshold Limit Values established by ACGIH and OSHA are 2 ppm

forHNO 3 vapors, 5 ppmfor NO 2, 25ppmfor NO, and3ppm forHF. It is

our estimate that the NO and HF values would probably be greatly exceeded
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iu the t,ffhtcnt of :1113current ,_talc,-ol-the-art i11cit_rator t_scd t,_ dcst r,,v

II_FNA, although air dilution would alleviate the problem. See Sectic)n

II. A., Incineration of Liquid Hydrazines, Section 1V.A., Incineration of

Liquid N204, and Section V. A., N204 Flare Burners, for more detailed

discussions of incinerators. In particular, the discussion in Section IV. A.

of the specific limitations of incinerators with regard to destruction of

oxidizers is equally applicable to IRFNA. The presence of HF in IRFNA

is ,an added difficulty relative to N204.

Because of the relatively higher boiling point (150 OF at one atmos-
o

phere) of IRFNA compared to N204 (70 F) atomization of liquid into the

incine,'ator/flare-burner rather th.-m evaporation (as for N204) might be

required to successfully decompose this oxidizer.

Tile effective use of incinerators for IRFNA has not been sufficiently

demonstrated or tested so that the), could be recommended. If a large

quantity of IRFNA and N204 waste oxidizers were involved, this could be one

specific area where additional research or development activity would be

needed to bring current practice to an "adequate" level.

©

©

C. CHEMICAL TREATMENT

Waste streams containing IRFNA are typically treated by neutrali-

zationj dilution procedures. In fact, diluting withwater and/or neutralizingwith

a suitable alkali before discharging the effluent were the only current

IR FNA disposal methods reported in Phase 1 of this study.

A brief description of the procedure follows. The waste IRFNA

(diluted with sufficient H20, about 1:100, to keep the reaction within bounds)

is collected into a suitable tank or pond. The solution is then treated with

one of a number of reagents as given in Table XXI. The reagents are added

slowly to allow heat dissipation, and in slight excess. A soluble calcium

salt may be used with any of them, if desired,to precipitate the fluoride. If

fluoride removal is desired a filtration or settling step is required. Then

the neutralized solution is discharged. The pertinent equations are:

Also see Appendix D
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. 2HNO 3 + Na 2 CO 3

2H F . Ca (OH)._

,_2Na NO 3 + CO 2 T + H°O
I-

:Ca F 2_, - 2H20

Filter, to Solid

Waste Disposal

2. IINO 3 i Na Oil }Nn NO 3 J 1120

3. IINO 3 _ NH 4 Oil )N}l 4 NO 3 _ H20

@

.

4 •

h,,u_lling.

There are only minor differences in the three methods shown in

Table XXI for performing the chemical treatments. For example

I. In method (1) it is possible to remove the Ca F 2 precipitate

from the effluent by a filtration or settling step. It is also feasible to add

a fluoride'precipitating agent in methods (2) and (3) for fluoride removal.

2. The care required in mixing and handling the strongly caustic

Na OH solution is a slight disadvantage for method (2).

The odor of NH 3 may be objectional for method 3.

The Na 2 CO 3 method has an advantage with respect to ease in

Use of other neutralizhng agents than those shown in Table XXI is also possible.

The effectiveness of the neutralization disposal method for IRFNA

has been amply demonstrated over the years. The major disadvantages are

the high chemical and equipment costs incurred in disposing of the waste

IR FNA.

The effluent from the IRFNA treatment is both corrosive (several

1,'10 of 1% HNO3) and toxic (several hundred ppm HF). Copious dilution

seems a logical and simple solution to the pollution requirement, provided

ample water is available. The provisional Maximum Exposure Limits recom-

mended in the TRW report 1 are 0.25 ppm for HNO 3 and 0.1 ppm for HF in

water or soil. Disposing of one gallon of IRFNA by either the neutralization

method or the dilution method requires approximately 10,000 gallons of

water to reduce the NO 3 concentration to the 100 ppm level. Concurrently

the fluoride would be reduced to below the 1 ppm level. But to reduce the

lop, cit., Vol XII, page 105. Also see Table 5, Section 1i. C of the

present report.

O

O
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NO3 to the provisional . 25 ppm limit in water or soil would require
approximately 4 million gallons of water; the HF to the provisional 0.1

ppm |imit would require 100,000 gallons of water per gallon of IRFNA.

Disposal of the CaF2 precipitate should follow the guidelines
established in the TRW report in connection with formation of the same

waste product during treatment of plating, wash and tin recovery wastes
from halogentin lines used in tin plating:

"To allow economic recovery, the discharged, alkaline CaF2
slurry should be lagooned . .'. The separated Ca F2 shoul,I
then be dried, and re-used as metallurgical grade CaF2 in
steel mill operations. Where economic recovem, is not feasible,
the sludge should be added to a l:mdfill. ,,2

Our evahmtion of the neutralization disposal technique for IRYN:\

on the basis of products formed, s,'ffety of operation, inconspicuousness of

effluent, cost of chemicals and pollution factors is that the three methods are

all environmentally acceptable, and all essentially equivalent. Convenience

or availability of chemicals would dictate the method to be used at any

particular site. Ultimate disposal requires eitlmr copious dilution, as

described above, or evaporation, with the solid residue used as fertilizer,

as mentioned in Sections I and IV. B.

.j

D. H20 DILUTION

Water is the most easily used and the most readily available

decontaminating agent. Smaller quantities of NO x fumes evolve during

dilution with H20 than during treatment with the alkalies. Thus, simple

dilution as a disposal method may be the preferable method for disposing

of IRFNA rather than the more complicated ._md more expensive chemical

neutralization method, provided H F does not constitute a major

problem. Dilution can be made to meet the present and future environmental

standards. The resulting product from IRFNA dilution is highly diluted NO 3

solution. In contrast, the products from the neutralization reactions would

2Op. cit., Vol° XII, page 13.
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I)e Ill(' _;uue quauliiy of NO;i iflus the raided c:tlions [rom the neutralizer.

Provided that sufficient waier is available, there is no limit to the amount

of 1RFNA that ean be disposed of by the dilution method in a most expeditious

manner; i. e., it is suitable for disposal of small or large quantities of waste.

Holding ponds containing much higher concentrations of wastes can be

utilized as an alternative to direct stream disposal.

The environmental aspects of the resulting effluents from the

dilution method are nearly the same as those in the preceding Section C,

Chemical Treatment, and apply here as well. TLV's and provisional

Maximum Exposure Limits are given in Section C.

One method for removing HF from waste effluents is by addition

of a soluble calcium salt under controlled pH. The tamoluble CaF 2 will

precipitate out. This precipitate may be separated by filtration, settling

or other suitable trait operation, and disposed of as described in the preceding

section. A residual amount of CaF 2 (50 - 100 ppm) will remain in solution

due to its slight solubility in water. It is only by further dilution with H20

that the residual CaF 2 may be reduced to an acceptable level to conform

to existing regulations. This precipitation was the subject of further work

in Phase 3, and our experimental results are reported in the section on

Application Studies.

Our evaluation of the dilution method for IRFNA disposal is that it

is an enviromnentally acceptable method. It is simpler and more economical

than the neutralization method, but the products formed, safety of operation,

inconspicuousness of the effluent and pollution factors are approximately

the same for both methods.

O
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VII. DISI_)SAI, O1,"IRI,'NA VAI_llS

A. INCINERATION

\i ?

We were unable to find any user of IRFNA oxidizer who currently

destroys the vapors by incineration. None of the correspondence received

to date mentions this method of disposal for this material.

Part of the reason for this situation may be the higher boiling

point (150 OF at one atmosphere) of IRFNA and significantl._ lower

vapor pressure (5 psia _ 100 OF) than for N20 4 (70°F at one atmosphere,

32 psia at 100 ° F_. Considerably less vapor is generated than for N20 4.

This results in, at most, a minor vapor problem and consequently little

need for incineration of the vapors evolved during transfer operations as

performed up to 1974. Forced or natural venting to atmosphere may provide

adequate vapor dispersal.

In addition to resulting in lower absolute quantities of IRFNA vapors

to be destroyed, the low vapor pressure of IRFNA at atmospheric tempera-

ture means that these vapors can only exist in mixtures containing noncon-

densible gases. (The ',fumes", NO 2, of course can be present separately;

they are similar to the N204 vapors treated in Section V., and their dis-

posal was covered in that section.) The special problems of incineration of

vapors mixed with large volumes of essentially inert gases are discussed in

Section III. A., Incineration of Hydrazine Vapors. In addition, the special

problems of destruction of oxidizers by incineration are discussed in Section

IV. A., Incineration of Liquid N20 4, and V.A., N20 4 Flare Burners. Incin-

eration of IRFNA would involve both these problems, although the noncon-

densible gases would be a relatively minor factor compared to their importance

in the case of N2H 4.
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It is possible that the Martin-Marietta flare burner described in

Section V.A. would be a suitable means of destroying IRFNA vapors,

probably with a certain amount of modification and developmental testing.

Threshold Limit Values established by ACGIB and OSHA for

IRFNA vapors are: 2 ppm for HNO 3, 5 ppm for NO2, and 3 ppm for HF.

Also see Table XI, Section II. A., for the TLV's of the-products of combustion.

Our overall evaluation is that this method is potentially acceptable,

but cannot be recommended at this time. The problems involved in adapting

existing burners to the destruction of an oxidizer mixed with large amounts

of relatively inert gas might be considerable. Before this method can be

considered environmentally acceptable, a fairly extensive test program to

demonstrate emission levels would be required.

• ¢,

B. SC RUBBING

The scrubbing technique with plain water, solvent or dissolved

reagent has been used successfully for years by industry as a disposal

method for many gases, mists or particulates. For example, in the manu-

facture of I-INO 3, in the past few years stack effluents were on the order of

1500 to 3,000 ppm NO with the tell-tale brownish color. Attempts werex

made to reduce such concentrations to approximately 300 ppm, usually by

resin absorption or catalytic combustion systems. The abatement equip-

ment in this case costs from several hundred thousand to several

million dollars for a large installation.

For a sm,.dl installation plain water or alkaline solution scrubbing

may be used to reduce the toxic gas emissions. These small units suffer

from problems of low efficiency in terms of vapor absorption, and high

operational and maintenance costs.

Regardless of the method used, water alone or alkaline solution,

the amount of nitrate released will be the same, but the pH of the effluent

solution is controlled in the case of alkali addition.

The scrubbing equations are:

©
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I. wilh plain 112(1:

I'_q_il_ti.'-i liilute s(_lul ii)ll ()1

Inhil_. IIN()., ,., Nil NIl.,_ , I1.,(). ,)-IINO 3 / IIN().,_ IlK

'2. _vith NaIlCO 3 solulion;

t_

Inhib. IINO 3 / NO x + NaHCO 3 >Na NO 3 + Na NO 2 + (;0 2

H20 + H F

Other alkaline reagents may be used in addition to the one shown in equation

two.

Inquiries revealed that scrubbing IRFNA vapors is not presently

c:lrried out at ETR except for one small scrubber on the vent line of a

5000 gallon [RFNA storage t,'mk.

Our ovel,-all ev,'duation is that scrubbing of IRFNA vapors is an

env'ironmentally acceptable disposal method. There is a question regarding;

constituent concentrations in the atmospheric discharge, but even if the

scrubber is less than 100v$ effective it will represent a significant improve-

ment over atmospheric venting, which is margin,,dly acceptable for small

quantities. The liquid discharge from the scrubber should be treated by

either dilution or neutralization, as discussed in Sections VI. C. and D.

C. ATMOSPHERIC VENTING

J

Since the TLV for HNO 3 in air is 2 mg per cubic meter, dispersal

of one gallon of IRFNA (85% HNO 3 by weight) would require approximately

2.5x 106 cul_ic meters of air to reach the TLV. This is a relatively modest

volume in terms of the air over one square kilometer of land. Nitrogen

dioxide will be present in smaller quantities and has a higher Threshold

Limit Value; HF will be present in much smaller quantities. As discussed

in Subsection A. above, relatively small amounts of vent vapor per unit

mass of liquid handled are expected in the case of IRFNA comparcd, t,o_N,)O_,
-. ,'_. £*

with its much lower boiling point. ," .
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For these reasons, _vedo not believe that atmospheric venting of

reasonably small quantities (or rates) of IRFNA is inherently unacceptable.

However, becauseof other factors, such as varying atmospheric conditions,

the possibility of pre-existing nitric acid or nitrogen dioxide atmospheric

pollution, etc., we do not believe that atmospheric venting can be considered

an environmentally acceptable option for future IRFNA disposal systems.

, 150



VIII. I)I_I)()SAL () I," l,l(_)lill) ItYI)II(itIEN PEII()XII)E

A. CHI_,MICAL DECOMPOSITION

VIII. A. 1. Current Applications

Concentrated hydrogen peroxide (in excess of 52% by weight) is a

powerful oxidizing agent and rapid decomposition can be hazardous, ttowever.
1

neither the chemical industry nor the TRW study recommends any pro-

cedures more elaborate than dilution with copious amounts of water, usually

reported as 100:1. This is followed by simply pouring the solution on the

ground, into a drainage system, or into the sewer system.

One organization has reported pouring laboratory quantities over

a platinunl or silver mesh to catalyze the reaction. Larger quantities xxere

diluted with water to between 25% and 40% H20 2 and decomposed by catalyzing

with christie. At 100°C and a caustic level of 0.5 - 1% Na OH, decomposition

is 95% complete in one hour.

Several organizations have reported successfully disposing of

hydrazines with the aid of H202, and also used it for treating holding ponds.

i i _

VIII. A, 2. Chemical Description

Hydrogen peroxide is unstable and decomposes spontaneously

according to the reaction:

2H202 (1) _ 2H20 (l) + 02 (g)

with the liberation of approximately 47 kcal of heat at a reaction tempera-
o

ture of 20 C (25 kcal/mole - H202).

The mechanism and rate of decomposition depends on many factors

including temperature, pH, and the presence of catalysts. In general, the

lop. cit., Vol. XII, pages 107-108.
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rate increases with increasing pH. The rate increases approximately 2.'2

Iimcs with each 10°C rise in tcmpcrattlrc over the range 20 ° 100 C. The

following table presents qualitative data for the temperature dependence.

Temperatu z_

30°C

66°C

100°C

140°C

Approximate Decomposition Rate

1 % per year

1% per week

2% per day

Rapid, with boiling

VIII. A. 3. Environmental Standards

As noted above_ the decomposition products of hydrogen peroxide

are pure water and pure oxygen gas, so there is absolutely no environmental

problem with disposal by decomposition of the compound. There are,

however, some health hazards in handling the H20 2 in concentrated form.

Contact with the liquid, mist, or vapor can cause irritation of the skin, eyes,

and mucous membranes. Flushing the affected area with water is the only

required treatment. The Threshold Limit Value (ACGIH-1969) for a 90_.

solution dispersed in air as aerosol is 1 ppm (1 mg/m3). The provisional

Maximum Exposure Limits recommended in the TRW report 2 are 0.014

Of •

2Op. cit., Vol. XII, pages 104-105.
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mg m I'ot" i1,_()., .'is a conlamin:lnt in :_il', or 0.07 ppm as :l cont:lrninanl

in water" and _oil.

._'Zr

VIII. A. t. Overall Evaluation

Hydrogen peroxide presents the least disposal problem of any of

the propellants under study, and presents virtually no pollution problems.

In its pure state it contains no contaminants that would cause surface water

pollution or interference with sewage (see B. 1.below). This would also

hold true for the materials that would be considered contaminants in the

H)O 2 necessitating its disposal.

Itowover, concentrated hydrogen peroxide solutions should be diluted

with copious amotmts of water before disposal to prevent strong reactic)n

with ot'g,'mie m:lterials, as discussed above. This dilution will also prevent

in.iury to fish life since there is some evidence that high concentrations of
3

I1.,O,, :ire, in fact, harmful to certain fish.

One possible exception that may arise is the disposal of contaminated

II20 2 that has been stabilized with H3PO 4.(phosphoric acid). Decomposition

would leave phosphate residues requiring additional treatment before dis-

posal into bodies of water. This would depend, of course, on the total con-

tent of phosphates in the dilute solution.

A consideration of disposal techniques must include the haT ards

involved in handling. With regard to fire and explosion hazards the following

quotes are extracted from "Chemical Safety Data Sheet SD-53", Manufacturing

Chemists' Association:

" Hydrogen peroxide itself is nonflammable. However, it is a
strong oxidizer, and if ,allowed to remain in contact with readily
oxidizable organic materials, it may cause spontaneous combustion.

In addition, hydrogen peroxide solutions are catalytically decom-
posed by many common materials such as heavy metals and their
salts, ordinary dirt, ferments, enzymes, etc. liberating o×ygen
which will promote the burning of combustible materials.

" Practically all solid combustible materials contain sufficient

catalytic impurities to decompose hydrogen peroxide rapidly.

3'rrreatment of Waste Waters Containing Hydrogen Peroxide, Hydrazine,

and Methanol", Chemistry and Industry, 1951, pages 1104-6.
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In ('Olll't'llll':llion[4 :ll)_wt' {i,r_",, II.,(),,, th['rt' is instilli_.i_,l)l ss:d(,r
l_['t'st'tll or l'orlll('d [[_ l'('mo'_t' [hi, ht, al of (l£_conIp()_ili_l_ I_3

v:ipori_'atiou. The :)di:d)ati(' dc(_o]nposition teml)('r:d.urc of ._I0'!,
1190.,, for cxampic, is 710 C. (1364 I,'.) alld COlllbtlstiblt _
m_tt(rials in contact with the decomposition products will quickly
burst into flame.

" At anabient temperature, under normal conditions of storage it has

been impossible to obtain a propagating detonation from commercially
produced hydrogen peroxide.

" Contaminated hydrogen peroxide can decompose at a rate which
will exceed the capacity of the vent on the container or tank to re-

move the decomposition products. This decomposition can be self-

accelerating in high strength hydrogen peroxide because the rate of

heat evolution may exceed the rate of heat loss from the container to

the surroundings. Ifthis process is permitted to continue, an explo-
sive pressure rupture of the container will result.

" There is littlepossibilitythat hydrogen peroxide vapors in the

explosive range will be generated under ordinary storage or handling

conditions. Vapors in the explosive range can be reached in a fire

or in experiments with high strength hydrogen peroxide. Explosive

vapors can also be produced when hydrogen peroxide, in concentra-

tions of 74_, or greater, is heated to its boiling point.',

The exp_osive hazards of hydrogen hydroxide are demonstrated in

Figure 13, taken from the same source, where it is also evident that temper-

atures of concentrated H202 should be maintained below 110 °C to prevent

the formation of an explosive gas over any solution. Decomposition proper-

ties :iregiven in Table XXII, also taken from the same source.

The partial pressures of I1202 and H20 are comparable over 98_,_

solutions at 30°C. At 70% the partial pressure of H202 is an order of mag-

nitude lower than that for water and at 30% itis two orders of magnitude less

(Table XXIII). One would conclude that dilute solutions would be substantially

decomposed and not give off substantial quantities of H202 vapors.

From this information we conclude that there are no insurmount-

able difficultiesin either storage or handling this propellant. Disposal by

simply allowing the material to decompose in holding ponds is quite satis-

factory, perhaps employing agitationto accelerate the decomposition process.
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B. BIOLOGICAL DISPOSAL

©

VIII.B.I. Current Applications

The use of H20 2 as a source of supplemental oxygen has been success-

fully demonstrated by DuPont for several prevalent problems in both indus-
1

trial and municipal waste treatment systems.

VlII. B. 2. Chemical Description

Biological decomposition of II202 provides an additional form of

oxygenation or aeration to satisfy metabolic requirements of micro-

ol-ganisms. The reactions are:

211202 )2H20 + O 2

bacteria

Organics + dissolved 02. ) CO 2 + H20 + bacteria sludge.

VIII. B. 3. Environmental Standards

Environmental standards are the same as described in Subsection

A. 3. above.

O

VIII.B.4, Overall Evaluation

One obvious criticism of this form of disposal of waste It202 is the

uncertainty in supply. However, llaskins points out that what is often needed

is a substitute source of oxygen that can be intimately mixed with the water

and organisms that does not require elaborate equipment. Further, these

oxygen sources only need to be available to meet emergency or short term

needs. For example, problems related to oxygen capacity of the aeration

system are generally sporadic, due either to mechanical failures or organic

1james W_, Haskins, Jr., "H202 Looks Good for Sewage Treatment",
Innovation, Fall 19 _3, pages 6-9 (E. I. DuPont de Nemours and Company., Inc.,
Wilmington, Delaware 19898). ©
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spills. For prol)lems requiring plant modific'ltions, EPA anti St:lie

st:mttards couhl continue to be reel while modifications are ma(h_. I.](luil)-

merit requirements are quite minimal - a drum of 11202 with a metering

ptunp.

Presently, cost is perhaps the only disadvantage to the use of It202

relative to air as a supplemental source of oxygen, but because of its

advantages (i.e., ease of handling, low equipment investment, and

excellent 02 transfer capabilities), H202 may be the only practical means

of solving the problem in many cases. We conclude that this is an ideal

means of disposing H202 in drum quantities from both an economic and

ecological standpoint.

For large as well as small quantities of H202, draining into lakes,

ponds, or stre,-uaas under proper controls would be an acceptable method

of disposal. The H202 would kill the anaerobic bacteria, a major source

of infectious disease, and the liberated oxygen could be beneficial for

aquatic life. Dilute Solutions would be required, however, since there are

indications that greater than 1% solutions could be toxic to fish. More

concentrated solutions would necessitate metering apparatus. This could

be the most economical means of disposal ,and also be ecologically

benefit ial.

C. POURING ON THE GROUND

Preferably, waste hydrogen peroxide should first go to a holding

pond before discharging to an open body of water or a drainage ditch

containing water. Because of the presence of oxidizable organics in the

soil it is recommended that the practice of pouring on the ground be

employed only in case of emergency spills, and then the area should be

flushed with large volumes of water and care employed to avoid immediate

dumping into streams.
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IX. I}I_I_,_NAI,_._I ,' IIo1,_2 VAI_{}I,_S

A. ATMOSPtIERIC VENTING

Again, we point out that the decomposition products are harmless

.and that H202 itself is not toxic, save for irritation to skin ,and mucous

membranes.

In light of previous discussion on decomposition rates and products

and considering the rate at which the vapors will disperse, we conclude

that straight venting of H202 vapors to the atmosphere is quite satisfact_,ry.
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I. INTRODUCTION
r

This first category of studies _ undertaken as part of Phase 3 involved disposal

concepts that are not currently in use, that were deemed promising as alternatives

to current concepts. Especial emphasis was given to concepts applicable to vapor

phase disposal, because of the gener,'tlly lower ratings given vapor phase concepts

during Phase 2 and smaller selection of acceptable concepts available for vapors.

Emphasis was also given to N204 disposal concepts, because of the fact that N204

does not eventually decompose in the presence of air or bacteria to form harmless

substances as do the hydrazines.

Concepts studied included the following:

1. Vapor condensation. This concept is applicable for vapors of

hydrazines as well as nitrogen tetroxide. Both experimental and theoretical

studies were undertaken, with extremely favorable results. A variation

on this method involves combined recondensation and steam scrubbing;

tests run with MMH were very successful.

'2. Gamma irradiation. This concept is applicable to water solutions

of the hydrazine fuels and could therefore be used for both

liquid disposal and scrubber discharge treatment. It is of interest primarily

in conjunction with holding ponds, although other applications might be

possible. Experimental results were quite favorable.

3. Catalytic decomposition. This concept appears feasible for all of

the propellants of interest except IRFNA, with hydrogen peroxide posing the

least problem .and N204 probably the most difficulty. It is applicable to

both liquid and vapor phases. It is probable that in the case of N204/NO 2,

catalytic decomposition of the vapor phase is closer to operational

feasibility than liquid phase decomposition. Our efforts in this area did not go

beyond a paper study_ it is our conclusion that a fairly extensive research

and development program will be necessary before a definitive statement

regarding the feasibility, practicality, and economics of this concept can

be made.

4. Calcium carbonate neutralization. This concept is applicable to

water solutions of both N204 and IRFNA. An experimental study established
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tim f(';I,_ihtlil.y, :1rid v_,rifled lh,' ,,4ul_siJnli;ll I)(,nclil.,4 this c_ll('t,lJl Ira,,4 _w('r

m,t,lr:tliz:liion {.l_n_.(,l_ls that rely on wnt(,r _oluhle neutraliznl.ion :l_(,nts.

5. Vapor |)intse addition ol N2Oi to holding ponds. 'rile concel)t is

applicable to N2Oi vapors, and possibly to the vapors of the other propellants

as well. An experimental program established the feasibility of this concept

for one type of bubbler design. Very small bubbles are probably essential;

a thorough study of bubble size and pond depth requirements has not been

performed. The practicality of this method, and its economic advantage or

disadvantage relative to a scrubber, will depend on pumping requirements

and the length of duct needed, which will vary according to the specific

application.

6. Ozone oxidation. This concept is applicable to water solutions o[

hydrazine fuels. An experimental progl_m showed that very rapid oxidation

to very low concentrations is possible, with controllable temperature rise

negligible environmental impact. The method was judged to be entirely

acceptable; whether it is desirable relative to the very similar, but cheaper,

aeration methods is a question that would have to be answered in terms of any

given application.

Other potential alternate disposal concepts came to our attention during the

course of this study. Electrolytic chlorine generators, such as the units being

installed in many residential swimming pools, offer a source of chlorine for

neutralization without m:my of the tmdesirable qualities of the chlorine compounds

currently being added to holding ponds; for large scale neutralization, it is likely

that salt water will be required for the holding pond rather than fresh water.

Magnesium hydroxide scrubbers for removal of NO from stack gases and formation

of saleable by-products were described by Esso engineers at an AIChE meeting in

1970. Neither of these concepts were included in this study, and therefore the) are

not discussed in the following sections.

163



I1. VAPOI_ CONDFNSATION

Three tasks t_elating to vapor condensation were performed, as described in

the following pages. First is a theoretical and numerical study of the removal -

by cooling - of a condensible constituent from a mixture of gases. This problem is

the important one for us, since vent gases will normally be at a temperature below

the saturation temperatures of all the hypergolic propellants (for the pressures

involved), and hence these propellants can be present as vapors only if mixed with

other gas - that is, the propellants can only be above saturation if their partial

pressures are substantially below the propellant tank pressures. The second task

was an experimental study of the condensation of N204/NO 2 vapors, and the third

was an experimental study of the condensation of MMH vapors. In this last

investigation the concurrent use of steam scrubbing, to more positively preclude

hydrazine release to the environment, was also included.

©
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( i:̧ "_ A. Tlll,: I{I.:1_R)VAI,t)I.' .\ ¢'¢}NI)I.:NSIIII,I.; {'{)N,_TI'I'IVENT FI{()_[ :\ I_llX'l'l;l{t,_

O1.' GASES - TEMI_ERA'I'UIH ," AND ENERGY CONSIDEIL_,TIONS

II. A. 1 Formulation

Consider the transfer of heat away from a gas mixture for

the purpose of condensing one constituent, "C". If the mixture is in

equilibrium at each instant in time, with .all constituents assumed to

be perfect gases, then the mole fraction of C is related to its partial

pressure according to

c Pm

where Pm

ch_mge in

is the mLxture pressure, assumed constant. Hence the

× resulting from a change in its partial pressure is

d
dP e

\c : p--_-
(1)

The mole fraction of constituent C is related to its mass and

molecular weight, m c and M c , and the mass and molecular weight

of the non-condensible fraction, m N and M N , according to

"_ 7.2

e

m
c

Mc
m

c

M
C

m N

M N

(2)

I_5



and ._olving for m t';ives
(.

e c mN
me M N "1 × c

(2 ')

Since the molecular weight and the mass of the non-condensible

constituents are all constant, we have

M
dm - c

c M
N I d Xc t m( 1 -_c )2 N

and substituting for X c ' d ×c from equations (1) and (2) gives

the result
(3

= c 4. ( dPsAT )cdine PmmN Mc (3)

where PSAT (Tm ) for constituent C is assumed known, T m being the mixture

temperature. Equation (3) wiU be used as a difference equation to establish

mm_erieal relationships between m and T for various cases of interest.
C m

The amount of energy that must be removed from this mixture

of gases to accomplish ,an infinitesimal temperature change dT is
m

dh c
dQ = N c + m dT ÷ dm

PN c SA m f c c (4)
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( • and latent hc:lt, hfg , are functions

where the specific hoat, cpN I dl le

of T m ill ihe general cnse. _TI is tho rate of change of the

enth:flpy of C due to moving along the saturated vapor curve, ,and

is also a function of T .
m

II. A. 2. Initial Condition

Equation (2'), with

form ):
c

m N m m - m e

C

1 +

M
c ×

t Me _ ×M N c

where m is the total mixture mass,
m

, becomes ( after solving

nl
m

PSAT

Pm

Similarly,

= m -m = mm.. m c m E M. ]M N × c

1 - XC

1 + M.N ×c

These values for m and m were used in Equation (3) as initial values at the
C n

beginning of the finite difference procedure.
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11. A. 3 Application to the Condensation of ttydrazine Vapors from Vent Gas f'_

The method of analysis outlined above depends on know-

ledge of ihe saturated liquid-vapor p - T relationship for constituent

C. For the sake of computation, either a numerical ( including

graphical) or algebraic relationship is satisfactory.

In the case of the hydrazine types of interest, the following

algebraic relationships were established by investigators working in

the early days of rocketry under the sponsorship of the Bureau of Mines

and Office of Naval Research ( p in mm Hg, T in °K ) :

1

For N2H 4

lOgl0 P

2

For MMH ,

: 7.80687 - ]680.745/(T - 45.42), (5a)

O

l°gl0

3

For UDMH ,

p = -7. 881og10T - 3146.0/T + 31. 746, (5b)

lOgl0 p - -2717.132/T - 6.745741 log10 T + 28.000194. (5c)

1

D. W. Scott, G. D. Oliver, M. E. Gross, W. N. Hubbard and H. M.
Huffman, ,, Hydrazine: Heat Capacity, Heats of Fusion and Vaporization,
Vapor Pressure, Entropy and Thermodynamic Functions. " J. Am.
Chem. So¢. 71, 2293- 97 (1949).

2j. G. Aston, H. L. Fink, G. J. Janz and K. E. Russell, "The Heat

Capacity, Heats ot Fusion and Vaporization, Vapor Pressures, Entropy,
,and Thermodynamic Functions of Methylhydrazine. ,, J. Am. Chem. Soc.
73, 1939 - 43 (1951). Note: the equation as published contains a mis-
placed decimal point in one term; this error was _orrected in the

equation written above to yield agreement with the experimental data
published in the paper.

3
J. G. Aston, J. L. Wood and T. P. Zolki, "The Thermodynamic

Properties and Configuration of Unsymmetrical Dimethylhydrazine. -
J. Am. Chem. Soc. 75, 6202 - 04 (1953).
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All of these relationships were based on laboratory measurements,

and are believed to result from establishing the ernpirioal constants

in theoretical thermochemical equations by least-squares fitting

to the measured data. Plots of these equations are presented in Appendix A.

Data for the temperature dependence of hfg and ( _ h/_ T)SA T

is not available, as far as we have been able to ascertain, except for

a limited amount of data in the case of MMH. Theoretical approxi-

mations could certainly be obtained for the temperature dependence

of h[g using Clapeyron' s equation and empirical equations of state;

because of tile retatively small temperature range of interest in this

investigation, however, it was decided to treat hfg and ( _h/_ T)SAT

as constants.

The values of hfg for N2H 4 , MMH, and UDMH reported

in the same references just quoted are 10,700 , 9648 , and 8366

cal 'mole, respectively, at 298.16 °K. In the case of the substituted

hydrazines these are measured values, while for N2H 4 it is a theoreti-

cal value based on the vapor pressure measurements, using the

Berthelot equation of state and critical point data. In the latter case

the estimated uncertainty is given as + 75 cal/mole. Because this

temperature (equal to 77 ° F) is an appropriate one for our vent gas

application, these values were used as constant approximations to

hfg throughout the temperature range of interest.

Tlle term ( _h _T) SAT can be expressed as a function of

more easily obtainable quantities using the expansion

( j

p T SAT

where all terms are functions of position along the saturation line,

and ( dp/d T)SAT can be obtained from equations (Sa), (Sb), or (5c),

as appropriate.
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For the sake of this investigation, the perfect gas assumption

was made so that

T

,and the expression for ( dp/dT)sAT was not needed. In the more

gereral case, ( 3h 3 P}T could be calculated from data for the

specific volume of saturated vapor (or an equation of state) using

the relation

3" 3T p

which is derived from Maxwell's equations.

In addition, it was further assumed (as in the case of hfg)

that the specific heat, c _ ( ,_ h ' Yr) , is constant throughout
P P

the temperature range of interest. Similarly, the temperature

dependence of the specific heat of the non-condensible gas, c ,
PN

is also neglected.

With these assumptions, equation (4) becomes

dQ= (epNm N + c m )dT , (hfg) dmPc c m c c
(4')

with m N, cpN , Cpc , and (hfg ) all being constants. The equation

in this form was used as a finite difference equation lathe computer

code for this investigation.

Values for the specific heat c were published for N2H 4 by
Pc s

Scott et al , and for MMH by Aston et al The values given at

298.16°K were 12.6 and 17.0 cal/deg/mole, respectively, and these

values were chosen for the constants in equation (4'). In both cases

these were the lowest temperatures for which vapor phase specific

heats were given. Data for UDMH have not been found; on the basis

4See footnote 1 above

5See footnote 2 above
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of the data above, and published data for the heat capacity ot liquid

UDMH, MMH, and N2H 4 in the temperature range of interest, a

guess of 22 eal/deg/mole for the specific heat of UDMH in the temper-

ature range of interest was made and this value used in equation (4').

The vent gas was assumed to be nitrogen gas, saturnted

with N2tl 4 , MMtI, or UDMH , at approximately three atmospheres

pressure and atmospheric temperature. ( This represents the maxi-

mum quantity of hydrazine that can be present in equilibrium as a

vapor, since the normal state of all three hydrazines is liquid at

these conditions.) The specific heat of nitrogen, c in equation (4'),
PN

was taken to be 6.95 cal/deg/mole throughout the temperature range

of interest.

II.A.4. Results for Hydrazine Condensation

The computer code described above was used to investigate

a case in which a saturated mixture initially at 300 OK, 2300 mm Hg,

was progressively cooled.

Figure 14 shows the actual amount of hydrazine condensed,

as a function of temperature. The large differences between UDMI-I,

MMH, and N2H 4 reflect the different amounts of fuel vapors initially

present; UDMH, because of its relatively low boiling point ( high

vapor pressure), is initially present in large quantity, whereas N2H 4

with the highest boiling point and lowest vapor pressure, is present

in the vent gas in only very limited quantities. Figure 15 presents

the same information, but in terms of percentages of the initial fuel

mass condensed at any point during the process, rather than actual

mass condensed. Here the three curves are much closer together,

with N2H 4 looking most favorable by a small margin. The N2H 4

curves all terminate at the freezing point.

Figure 16 shows the heat removal required to achieve any given

temperature. As in Figure 14,the UDMH curve is highest because

of the relatively large amount of UDMH initially present. This
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Figure 15. Condensation of hydrazine fuels from N 2
saturated with fuel vapor at 300°K, 2300 mm Hg
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itll'oi'lu:lli_ul IH _'t'md_illu, cl with Ih_' I"_'_ullx I'q_,l"In:i_ t'_uldetts(,41 in

I"igttl',,'_ 17 aJitl i_, wllich sll(,w tilt, "('osl.", in I.¢:rnl,,-¢ o[ hca|. r(:illov:il

I_3l" unil 111:1_seondt'nse(l, of t:_t1_It,tl_il_ ihe_e fuels. Figure 17 shows

overnll he:it removnl divided by overall luass condensed for each

fuel, while Figure 18 shows the incremental cost - calories per gram

for the incremental mass of fuel condensed at any temperature. In

these plots it is evident that recovery of UDMH is the most attractive

of the three fuels, in terms of costs (both operating and equipment

costs) per unit mass of fuel recovered.

To further define the cost, note that

cal kw-hr
1 - .0005274

gram Ibm

so that the first UDMH condensed requires .0923 kw-hr of energy

removal per pound recovered, the first MMH requires . 1735 kw-hr

per pound and the first N2H 4 requires .458 kw-hr per pound.

Similar figures at the point when 80°_ of the original fuel vapors

are condensed are . 1382 , . 319 , and ]. 292, respectively. If we

assume that a refrigeration system with a coefficient of performance

of 3 is used, and that electrical costs are 3 cents per kw-hr, then

these figures also represent the electrical cost in pennies per pound

of propellant recovered - modest figures even in the worst case

Capital equipment costs are of course not included.

ILA. 5. Applicatio n to the Condensation of Nitrogen Tetroxide
Vapors from Vent Gas, and Results

The method o£ analysis was also applied to N204/NO 2

condensation. In this case an empirical equation, similar to equations

(5a), (5b), and (5c) for the hydrazines, was presented by Giauque and

Kemp 6 for the vapor pressure of liquid nitrogen tetroxide in the range

261.90 to 294.9 OK:

0Giauque, W. F. and J. D. Kemp, "The Entropies of Nitrogen

Tetroxide and Nitrogen Dioxide. The Heat Capacity from 15°K to the

Boiling Point. The Heat of Vaporization and Vapor Pressure. The

Equilibria N20 4 = 2NO 2 = 2NO_O2. ,, j. Chem. Phys., Vol. 6, pp. 40-
52 (1938).
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300 2 90 _80 270 .260

Figure 18. Condensation of hydrazine fuels by
cooling a saturated mixture of hydrazine and
nitrogen from 300°K at 2300 mm Hg

Cal per gram condensed (incremental)
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lOgl0 p = - 1753.000/T + 8. 00436 - 11.8078 x 10-4T

-_2.0954 x 10 -6 T 2. (6)

This equation was entered into the computer code described above, and

is plotted in Appendix A. It should be noted that "these two substances

(N20 4 and NO2) are present at appreciable mole fractions under all

conditions of equilibrium between the liquid and gaseous states, .,7 and

that this equation refers to the equilibrium mixture at any value of (p, T).

The latent heat of vaporization, hfg, at 294.25°K was presented by
Giauque and Kemp 8 as 9110 + 9 cal./mole, based on a series of several

experiments. This value was compared with a theoretical value (based

on empirical equations of state and degree of dissociation) of 9223 cal./

mole. The value 9110 was used for this study. In using this value, "per

mole" actually means per 92. 016 grams, as if none of the N20 4 were

dissociated. The value is nevertheless the actual equilibrium value. It

should be noted that the equilibrium at the boiling point is not altered by

the phase change - it is :the same in the liquid and the vapor phase s.

(_h/_T)sAT was approximated by Cp, as in the hydrazine cases. This

specific heat was studied quite thoroughly by Fan and Mason 9, who

developed an extremely complex equation for the equilibrium heat capacity

of the N204-NO2-NO-O 2 system, taking account of the equilibrium reaction

heat capacity. N_aeriea|,, solutions were also presented; at 300°K, 1 atm

the result was

c = 1. 309
P

the value used in this study.

calories/gram OK,

It should be noted that this value is quite

different from the frozen equilibrium heat capacity, which was also

calculated by Fan and Mason. This value was found to be 0. 2033 cal/g-°K,

close to the value of approximately 0.235 cal/g-°K indicated by a curve

,. J

::)

7Op. cit., p. 41.

8Op. cit., p. 45.

9Fan, S.S.T. and D.M. Mason, "Properties of the System N20 4 =
2NO 2 = 2NO + 0 2. " Journ-1 of Chemical Ane] _n_neeriu_ Dat_,

Vol. 7, pp. 183-186 (1962).
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for N()., :doLK: tlmt was publishc, l in n very. recent paper 1)y Y_lws :lnd

ltopper 10. Whether equilibrium or frozen equilibrium is closer to

reality in our situation is difficult to determine and of course depends on

rates, etc. The equilibritma value was chosen as being the more conservative.

The molecular weight was found using the equilibrium constant data

presented by Giauque and Kemp for the reaction N20 4 = 2NO 2. These data

(which include experimental results obtained by several earlier investigators)

can be very closely approximated by the linear relation

lOgl0 K = - 11.585 + .036T,

T being the temperature in °K and K the equilibrium constant in atmospi_ercs.

Having calculated K, the degree of dissociation, _, is calculated by the

usual relation

= 4p+K

p being the pressure in atmospheres. In terms of It, the mole fractions of

N204 ,'rod NO 2 are (1-_)/(l+d,) and 2£/(1_ d), respectively, and the

molectflar weight of the equilibrium mixture is

M -- (46.008) + (1-_) (92.016) .

The results for ,g are presented in Appendix A; they were found to agree

closely with other published data points.

The vent gas was assumed to be nitrogen, saturated with N20 4 - NO 2,

as in the hydrazine cases. The results are presented in Figures 19 through

23, which generally follow the same format as the corresponding Figures 14

through 18 and can be compared with those curves. The results are even

more favorable than the hydrazine results.

,." ,?

10yaws, C. L. and J. R. Hopper, "Oxides of Nitrogen:

Chemical Engineeri_, August 19, 1974.
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B. CONDENSATION OF N204 - NO 2 VAPORS

( -i

One of l,lw most critical hylx','gifl llisposaJ lwol>It;ms is the ('flecti\,(, _lisposal

el N2() I - N() 2 vapors vented during vehicle loading operations. It is estimated that

8000 gallons of N20,1 will be loaded onto the shuttle vehicle for each launch. A

total of -t80 gallons or slightly less than 5% is expected to be vented during the

loading operation. The loading operation can be crudely visualized as shown in

the sketch below, with vaporized N204 - NO 2 exiting straight out of the vent.

Venting ,ff this amount of this highly toxic and noxious material is clearly

not permissible.

Pump Vent

Rocket

Second stage

A possible method of minimizing the amount of N204 - NO 2 released to the

atmosphere would involve recondensation of vaporized N204 - NO 2 to the liquid

form. This condensed material can then be either disposed of at a later time

under more ravel;able conditions or reused as a hypergol.

As a prerequisite to consideration of recondensation as a disposal alternative,

some fundamentals of the N204 - NO 2 system must be clearly understood.
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Liquid N204 contains dissolved normally gaseous NO2, and gaseous N204

is in equilibrium with gaseous NO 2 as represented in the following equations

1) NO 2 +N2041 _N204g + NO 2

2) N204g _ 2NO2g

Thus it is seen that effective recondensation depends on a significant

concentration of N204 existing in the gaseous state which in turn is favored by a

positive free energy value and dissociation constant less than one.

The dissociation constant (Kp) in the gas phase is equal to the partial pressure

(p) of NO 2 squared, divided by the parti:flpressure of N204.

pso 
Kp _ PN204 (1)

If the term at represents the degree of dissociation of gaseous N204 as

NO 2, then 1-g represents the number of moles of undissociated gaseous N204

2_the nmnber of moles of NO 2. Therefore (1- d ) + 2_'or 1 +or is

proportional to the total number of moles involved. If the total pressure is

represented as P, the partial pressures involved are

0

PN204 _ i-i+_ P

2d P
PNO2 " i +at,

The dissociation constant K can therefore be given as
P

2

P = 1 -_ - P-- : 1 __2
1 +at

At 25°C and P equal to one atmosphere, N20 4 has been found by vapor density

measurements to be 18.46% dissociated ( _ =- 0. 1846, see Table XXIV) giving

K = O. l:tl.
P
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TAB I,E XXIV

Equilibrium composition of N20 4 - NO 2, in terms of degree of dissociation of N20 4 (4)

Temperature
VC 1 atm.

15 O. 122

25 0. 185

35 0.270

45 0.378

55 0.502

65 O. 628

75 O. 741

2 atm. 3 atm.

0.087 0.071

0. 132 0. 108

0. 195 0. 159

The standard free energy change can be calculated from the equation

--_F ° _ RT In K
P

where R = the gas constant, 1.987 cal/mole - oK
T = temperature in degrees Kelvin

,_F ° : +1161 calories/mole.giving

These calculations show that at 25°C and one atmosphere N204 formation

is favored in the gaseous state.

The heat of vaporization of N204 is 9. II0 kcal./mole. This value is

considerably higher than that calculated theoretically using Trouton's rule

which simply states that the heat of vaporization, divided by the boiling point in

degrees Kelvin, approximates 21

_,H yap =_ 21 .
T

The boiling point of N204 is 21°C or 294°K. Thus theoretically, the heat of

vaporization should be 6.174 kcal./mole. This large difference can be explained

by the large dipole moment of NO 2 and N204.
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These data, and the results of the analysis of Section A all show that

recondensation of N204 should be more practicable than one would intuitively

expect merely considering the low boiling point and the readily observed dissociation

into NO 2. The following laboratory studies were therefore initiated in order to

construct a model of a possible recondensation system.

A 500 ml. r.b. flask containing 50 ml. of N204 was connected to the top

end of a conventional reflux condenser. The condenser was cooledwith cooling

water at various temperatures produced in a portable bath and circulator

containing a refrigeration unit and a small water pump. The bottom end of the

condenser was equipped with a receiver flask and a side arm which led to a

sparger and which in turn was inserted into a small beaker of water (see Fig. 24).

The circulating submersible pump used to circulate the cooling water was 1/150

horsepower. The pump circulated the water at a rate of 10 liters per hour.

The N204 was heated to 35°C and the vapors condensed in the receiver

flask. The cooling water temperatures, the percent of N204 recovered and

the time required for recondensation are listed in Table XXV.

©
TABLE XXV

Recondensation of N204

Cooling Water % Recovery

Temperature °C of N204

-2.5 97%

0 88%

+5 80%

Recondensation

Time

10 mins.

10 mins.

20 mins.

From these experiments, it seems that recondensation of vented N204

NO 2 is very efficient using low temperature cooling water and may indeed be

the method of choice for the disposal of vented N204 produced during the

hypergol loading operation.
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,.Cooling water in
• .-*Cooling water out

Friedrich's Reflux
Condenser

Recondensed N20
__)0 ml. flask

_ Sp.arger

Figure 24. Experimental apparatus for recondensaUon of N204 .
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t'. I)ISTI LLATION AND STEAM SCRUBBING OF MONOMETItYL IIYD1LAZINE

In order to create an experimental model, however imperfect, of the possible

reeondensation and scrubbing of vented monomethyl hydrazitm (MMtt) during the

Shuttle hypergol loading operation, the following experiments were conducted.

A simple distillation of MMH was performed using an air-cooled condenser

the dimensions of which are shown in Fig. 25. The room temperature at this

time was 23°C. Starting with 25 ml. of MMH a total of 22.5 ml. or 90% was

recovered in 15 minutes. The ratio of the volume of air in the system to the

volume of MMH was 11: 1.

A second series of experiments was run similar to the above except that

a water cooled condenser and 5°C cooling water was used. The data in Table XX'VI

denote the initial starting volumes of MMH, the ratio of the volume of air in the

system to the initial starting volume of MMH, the volume of MMH recovered,

and the percentage recovery (see Fig. 26).

MMH

Initial Volume (ml.)

TABLE XXVI

Condensation of MMI-I

Vgl. Air
MMH Initial Volume

5 68.4

10 33.7

20 16.4

30 10.6

40 7.7

Vol. % Recovered

Recovered

(mL)

4.8 96 _

9.8 98

19.5 98

29.0 97

39.0 98

°k_J

©

A third series of experiments was conducted in which an attempt was made to

combine the model recondensation system with a model scrubbing system. Since

a source of a fine spray of water was unavailable, steam was used as the scrubbing

agent. The apparatus was set up as shown in Fig. 27. Initially, 10°C cooling

water was used and a starting volume of 25 mL of MMH with a volume of air to

volume of MMH ratio of 95.6. Five hundred ml. of water was converted to the

steam which was used for scrubbing. Also, 24.0 ml. of MMH (96%) was recovered

in the receiver flask as assayed using the DAB method*.

See Appendix B
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._ --_--vent

100 ml. flask_( gl ) U-=_-----receiver

Total vol. of air outside of flask - 203 ml.

Figure 25. Experimental apparatus for distillation of MMH and air cooled
condensation.
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m_) Standard Friedrich's
-_ Condenser

D
J

i4 Receiver

1. flask

©

Air vohm_c outside of distillation flask -- 247 ml.

Cooling coil volume = 190 ml.

Cooling water flows at a rate of 30 liters/hr, at 5°C.

Figure 26. Experimental apparatus for distillation of MMH and water cooled
condensation.
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cool, w er  in> ¸
Cooling water (out) _ ith absorbing

I_] Trap solutions (75 ml.)

Heating mantle Heating mantle

Dimensions

1. Receiver (vol.) 1100 ml.
2. Steam Generator flask (vol.) 1000 ml.
3. Distillation flask (vol.) 100 ml.

4. Cooling coil (vol.) 38 ml.
5. Condenser (vol.) 400 ml.
6. Feed line (vol.) 8 ml.
7. Feed lines (length) S0 cm.
8. Diameter cooling coil 0.5 era.
9. Traps (vol.) 150 ml.

I0. Length of cooling _olls 25 cm.
1 I. Width of cooling coils 3 cm.
12. Number of coils 15

(ea.)

Figure 27: Model recondensation steam scrubbing disposal system
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A fourth series of experiments was performed analagous to the above except

that varying volmnes of MM'H were distilled and the cooling water temperature was

5°C. Steam was generated for varying amounts of time depending on the amount

of MMH to be distilled, but steam was always generated starting ten minutes before

distillation and ending ten minutes after completion of distillation. The data

are shown in Table XXVII.

MMH was not found in the traps and, therefore, the most likely explanation

for the poorer recoveries at the lower vohunes is decomposition or oxidation in

the distillation flask.

TABLE XXVII

Distillation and Steam Scrubbing of MMH

MMH Vol. Air Vol. Recovered %Recovered Vol. (ml.')
Initial Volume (ml.) MMH Initial Vol. MMH (ml.) Steam used

(as water)

50 46.8 49.1 98.2 375

40 58.8 40.1. 100.1 445 L:

30 78.7 29.9 99.7 425

20 118.6 19.4 97.0 245

10 238. I 9.2 92.0 170

5 477.2 4.0 80.0 165

The results of the experiments would seem to indicate that a recondensation

scrubbing disposal system for MMH is feasible. Unfavorable conditions which

were present in these experiments such as distillation under one atmosphere of

air would not be present under actual operating conditions where loading of MM:H is

conducted under nitrogen pressure of one to three atmospheres. It is possible to

envision an apparatus attached to the vent port of the rocket which would recondense

the majority of the fuel and scrub the remainder, thus allowing very little if any

escape of fuel vapor to the atmosphere (Fig. 28).
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Cooling water, Nk(out)

Rocket fuel
tank

2",,

cooling water (in)

_Recondensed

MMH vapor

MMH

liquid

rubbing towe:

vapor exit

Figure 28.- Proposed recondensation scrubbing disposal system
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III.
DESTRUCTION OF N2H 4, MMH OR N204 BY GAMMA IRRADIATION

©

OBJECTIVE: To Determine the Effect of Gamma Radiation from Cobalt - 60 on the

Decomposition of Waste Hypergols.

1. Background

in the irradiation of water solutions, destructive oxidation of organic/inorganic

molecules takes place by direct energy absorption which ruptures the bonds in the

molecules, followed by O 2 combining with the free radicals formed. Much of the

oxidation occurs due to the indirect attack by the hydroxyl radical (OH') resulting

from radiolysis of water as well as from the hydrated electron (e4). The

hydrated electron is a highly reactive negative ion that appears to be a more powerful

reducing agent than the H atom. The ea_ 1 particle is considered to be the dominant

species in irradiated water and is utilized to explain many of the radiolytic
1

processes.

The nature of the reaction of the hydrated electron is given by:

m

e + X--_Y
aq

For example, in the case o_ N2H 4

eaq 0- N2H4--_ NI-I 2 + NH

There are several empiric values used to assess the efficiency of a radiation

initiated reaction. One of these is called the G value and another is the absorbed

radiation dose (Rads) required to achieve the destruction of a species or combination

of organic/inorganic species.

The G value is defined as the number of molecules of chemical compounds

which are formed, changed, or disappear; or the number of oxidation reactions

which occur as a result of the absorption of 100 electron volts of energy.

A Rad is approximately equal to the absorbed dose delivered to material

exposed to one roentgen of medium voltage X-radiation.

1Rad = 100 er_/gram

1Hart, E. J., Record Chem. Prog., Vol. 28, p. 25 (1967). ©
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2. The Cobalt-60 Facility at F. I. T.

The Cobalt-60 facilityat Florida Instituteof Technology is operated by the

University Center for Pollution Research (UCPR). The gamma rays from the

27,000 Curie source are of the electromagnetic type which are more suitable for

treatment of liquids because of the lack of residual radioactivity in the irradiated

material.

3. Experimental Procedure

The diluted samples of MMH, N2H 4 and N20 4 were poured into 4 oz. glass

bottles,capped and exposed to the Co 60 gamma source for the required period for

dosages of 104, 105 or 106 rads. The controls and the exposed samples were

analyzcd for residual concentrations of undecomposed hypergols. The results

appear in Table V.

4. Methods of Analysis

The analyses were performed according to methods listed in the 13th edition

of STANDARD METHODS FOR THE EXAMINATION OF WATER AND WASTEWATER,

published by A. P. H.A. For hydrazines, the p-DAB procedure was followed (see

Appendix C). A Bausch & Lomb _pectronic - 20 spectrophotometer was utilized

in determining concentrations of the hydrazines or nitrate.

5. Results

As shown in Table XXVIII, irradiation of aqueous solutions of IVIMH, N2H 4 or

N20 4 results in partial destruction of the hypergols.

In Test 1, N2H 4 concentration was reduced by more than 8% in approximately

I I/4 hours from the 75,000 ppm level (7.5%).

In Tests 2, 4 and 5, N204 concentration was reduced approximately 12-14'}_

in 1 I/4 hours from various concentration levels.

In Tests 3 and 6 the MMH concentration was reduced approximately 17%

in 7 1/2 minutes and approximately 26% in 1 1/4 hours.

6. Discussion -

The hydrazines decompose to yield N2, H2, and possibly some CO 2 with

MMH, creating a slightpressure in the screw-capped bottle. (This reaction is

essentially irreversible.) These products are environmentally safe for disposal.

The gaseous pressure problem can be relieved by having an open system.
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Test Dose in
KR

"FABLE XXVII1

Gamma Radiation Experimental Results

Time N2H 4 MMH
Irradiated ppm ppm

N204
ppm

(as NO 3 )

% Reduction
from Control

2

3

4

6

0 (Control) 0 74,500
1,000 74.5 rain. 68,000

0 (Control)
1,000

0
104
105

0
104

105_
10 _

105
106

0
104
105
106

0

74.5 min.

12.1
45 s_. 10.7

7.5 min. 9.9

45 see.
7.5 rain.

74.5 rain.

0
45 sec.
7.5 min.

74.5 min.

0

45 sec.

7.5 min.
74.5 min.

Bottle Leaked

52,500

50,000
43,400
38,800

18,480

16,280

1925
1870
1760

1650

50,600
48,400

44,000

8.72

11.9

11.5
18.2

2.9

8.6
14.3

4.3
13

4.75

17.3
26.1

©
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l_t'_bh'nl. In :t _'loH_,_l sv..4lom, :_s itl lhl' s(','t'w-_,:tlHX'd l)ottlo, the, (,v_l_'t,(l Nt) X

will t'ollt,_'! i11 lh(, g:Is_c,us l)Imt_(' :itt(l s,,! LII_ :I11t,quilil_t'ium wilh th(' li(ulid. It

may l)t, :tssume(t lhal complete (l(;strttction hy continued gamma rn(liation will not

be easily ,achieved due to this equilibrium. Sufficient radiation of NO X to form N 2

may require an uneconomically long period of time.

From an environmental viewpoint, radiologieal destruction of the hydrazines

offers certain advantages. The formation of elemental gases and water eliminates

the toxicity problem from waste effluent being discharged into streams. No

additives, as neutralizing or oxidizing agents (NaOH, hypoehlorite:_, etc. ) are

necessary, thereby eliminating the need for chemicals.

On the other hand, it was noticed that under the test conditions (screw-capped

bottle) there was a build up of pressure in the bottle due to gas generation. In

addition to the expected N2 gas an odor of NO and the brown fumes of NO 2 were

noticed on uncapping the bottle. These NO x present a secondary disposal problem.

Past experience at Palmdale* indicated direct operating costs of under $1.00

per 1,000 gallons of waste water treated, including a filtration system. The

initial construction cost of a radiation facility is approximately twice the cost of

a eonventionrd facility. Operating costs for a hypergol treatment facility may be

anticipated to be higher due to the larger dosages required for chemical compound

destruction, with concomitant increased exposure time and pump recirculation

costs. Our preliminary estimate is that operating costs would be less than 5 times

the above cost - less than $5 per 1000 gallons treated.

The cost of chemicals alone used in treating 1000 gallons of 1% MMH solution

(80 lbs. contained MMH) would amount to $160.00 if H20 2 is the neutralizing agent.

(See Table XIV, page 92 ). In the final analysis, the overall

costs of both methods must be evaluated in order to obtain comparative figures.

Figure 29 shows a plot of dosage vs. MMI-I concentration. The G value, used

for assessing _e efficiency of a radiation reaction was not determined. A possible

synergistic effect by bubbling O 2 or O 3 during irradiation was not explored due to

time limitation. It is believed that destruction of MMH would be enhanced due

to strong oxidizing conditions.

*This was a 16,000 curie Co 60 facility treating approximately 10,000 gallons

daily, located at Palmdale, Florida, for disinfection,_ purposes.
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Figure 29. MMH decomposition by cobalt-60 irradiatiov after 74.5 minutes. O
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7. Conclusions

Results of this work indicate that the destruction of N2H 4, M_IH or N204

by gamma radiation from Co 60 is possible.

More decomposition occurred than was anticipated for hydrazine type compounds

at the relatively small dosages used.

The radiation/destruction approach is worthy of continued effort if only to

establish the lability of the 3 hypergols briefly looked at above.

The environmental aspect of radiological destruction of N2H 4 and MMH looks

favorable; N204 may present a gaseous disposal problem at high N204 concentrations.

On the basis of the preliminary work, it is recommended that further work

be carried out to study the pertinent parameters involved in the gamma destruction

method for disposal of hydrazines.

k
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IV. CATALYTIC DECOMPOSITION

It is apparent from chemic:_l considerations that was|c ;rod contaluinated

tlypergolic propci lmlts might In, cfft,ctively elimhmtcd by catalytic decomposition.

This section of thc report discusses some aspects of the technique and the

possibilities for application. The use of catalysts also entered into the experiments

described in Section HI. A of the "Application Studies" portion of this report.

Reactions occurring entirely within a single phase are referred to as

homogeneous, while those occurring at an interface are heterogeneous. Experi-

mentally one finds that the activation energy for the latter is lower; the magnitude

of the differential is a complex function of several thermodynamic parameters.

Catalysts are simply a relatively stable interface introduced into the system to

supply a favorable reaction site.

Catalysts are particularly important for exothermic reactions. Although

the equilibrium constant is such that the reaction should proceed at, say, room

temperature, the rate may!be prohibitively slow. From the empirical Arrhenius

equation

Rate: A exp _ _ ,

where _XEa is the activation energy, one would expect a satisfactory rate to

obtain by a sufficient increase in temperature. However, according to Le Ch_telier's

principle, whenever an equilibrium system is perturbed the system will attempt to

readjust in such a way as to oppose the applied change. So when the temperature

is increased the equilibrium shifts in the direction which causes an absorption of

heat, thereby requiring an additional increment of heat to raise the temperature.

Stated mathematically the temperature dependence of the equilibrium constant is

In K --_H
I

Catalysts are the means by which the reaction can be carried out at temperatures

where the equilibrium constant is favorable.

The use of a catalyst for decomposing hydrogen peroxide was briefly

mentioned in the portion of this report on "Evaluation of Current Disposal

Methods." To furtt_er investigate the possibilities of this technique,

©
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letters were sent to {_rg,'mizations believed to be active or at

least knowledtleahle in lilt: field: I.:ngelh:trd Indu,_t t'ies, Inc., M:ltl hey Bishop, Inc., :lnd

Intorn:tlion:d Nl{:kel Co., Inc. l_l:_ttht,y I_ishop h:m not replied and Mr. It. B. Teel

of International Nickel provided five more leads: tlarshaw Chemical Co., Chemetron

Corp., Monsanto Chemical Co., W. R. Grace & Co., and International Copper

Research Association, Inc. Of these, only Chemetron has failed to respond;

neither INCRA nor Monsanto could offer assistance.

W. R. Grace & Co., Baltimore, responded with:

"Hydrogen peroxide could be decomposed over a manganese

catalyst such as our Grade 908.

"The hydrazines would also be relatively easy to decompose

using Raney nickel catalyst.

"The N20 4 and HNO 3 pose the most difficulty in decomposition.

A catalyst containing platinum or palladium used in a reducing

atmosphere of hydrogen or carbon monoxide would probably do

the job. Unfortunately we do not have such a catalyst available."

Decomposition generally requires 3-5 percent of cat_yst on a weight basis. In

lots of 100 to 1000 pounds the Mn908 is $3.85 per lb (f.o.b. Baltimore), and the

Raney Ni 28 is $4.05 per lb. (f.o.b. So. Pittsburgh, Tenn. ).

The Harshaw Chemical Co., Cleveland, supplied information on two nickel

catalysts developed by the Jet Propulsion Laboratory for the decomposition of

hydrazine. Indications are that their use is limited to the controlled decomposition

of monopropellant hydrazine used in space probes. The price quoted for the two

nickel catalysts in 100 lb lots was approximately $5 per pound.

_f we assume that 4 weight percent catalyst is needed for decomposition,

the disposal of 8000 gallons of N2H 4 (3 x 104 kg) would require 1.2 x 103kg of

catalyst. At $11 per kg ($5 per lb) this is $13,200 worth of catalyst, or $1.65 per

gallon of fuel disposed. The catalyst probably can be regenerated to reduce

cost, perhaps substantially, but this is an unknown at p_esent. The poisoning

effects of impurities in the waste fuels would have to be investigated.

The Systems Department of Engelhard Industries responded with little

conclusive information. They have no confirmed processes directly applicable to
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the propellants of interest but suggest that the disposal of N204 by dilution with

air and catalytic decomposition ,analogous to nitric acid tail gas _vould be feasible.

In a paper by several of their people 1 a system is described which they believe "_')

will decolorize the effluent and reduce the NO 2 level to approximately 200 ppm

(Fig. 30 ).

The manufacture of nearly all nitric acid begins with the catalytic oxidation

of ammonia to form NO, which reacts with residual oxygen to form NO 2. This

is absorbed in water forming HNO 3 and additional NO. For maximum power
F

recovery, the gases are heated by direct catalytic combustion of the NO2 before

entering the expander. If additional fuel is added the total nitrogen oxides are

reduced to the 100 - 1000 ppm range.

The major problem in earlier systems was the reduction of catalyst

activity or short catalyst life. Engelhard feels they have overcome these problems

with a system employing a spherical palladium catalyst, fuel desulfurization,

and process control features for temperature control, fuel/oxygen ratio and

thermal protection of the catalyst.

Apparently the technology is available to solve the problems of catalytic

decomposition of hydrogen peroxide, nitrogen tetroxide, and the hydrazines. The

HF inhibited nitric acid poses difficulties; experience shows that halogens have a _J

deleterious effect on catalyst life and activity.

Engelhard has offered to quote on a study to explore the economics,

effectiveness, problems, potential catalyst poisons, etc.

One of Engelhard's products which may be worth investigating further is

"CHLOROPAC", an electrolytic sodium hypochlorite generator. It is a modular

system producing hypochlorite solution directly from ocean water, with a

capacity in any desired range. In the section on Evaluation of Current Disposal

Methods, peroxide was chosen over the hypochlorites for the neutralization of

hydrazines; one of the bases of evaluation was cost. A device such as this

may call for reevaluation.

Dr. Robert Ottinger, the author of the extensive TRW Report, has

advised that the inexpensive catalyst mentioned in that report is molybdenum

based.

1Gillespie, G. R., A. A. Boyum and M. F. Collins, "Catalytic PurificationS._.)

of Nitric Acid Tail Gas: A New Approach. " Presented at the AIChE Annual
Meeting, San Francisco, December 2, 1971.
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Figure 30. NO X Abater System I, reproduced from Gillespie et. al.
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i,*tll'|ilt_l" ill|'Ol'll|:tlioll olI t'ul'r0111 dt'vi'lOiil_|t'll| w:l_ lW,_111|_qot|, l)ut has iio| yt,t

i_'t'n I'oC¢'iVt_d.

It has been learned that one supplier's proprietary catalyst for N2H 4 is

a mixture of iron and iron oxide. If further study is decided upon, a series of

experiments using rusty automobile body sections might be worthwhile.

.]

©
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V. CALCIUM CARBONATE AS A NEUTRALIZATION AGENT FOR N204

1. The Calcium Carbonate Disposal System

The disposal of large quantities of N204 presents numerous problems. Thermal

reduction is possible but requires special equipment. Neutralization with a soluble

base such as Na2CO 3, NaHCO 3 or NaOH results in exothermic reactions

and the problem of disposal of excess neutralizing solution into biologically

sensitive ocean, river or groundwater systems.

problems is a water insoluble neutralizing agent.

readily available is Calcium Carbonate (CaC03).

on the bottom could be layered CaCO 3 _md water.

A possible solution to these

The cheapest and most

A large pool could be dug and

¸¸I.¸ J

The N204 could be fed to the aqueous layer. In a matter of time, only that

amount of CaCO 3 would be dissolved as was necessary to neutralize the N204 fed

to the system. Thus, no high degree of exothermy would be necessary. After

neutralization, the solution would be at or near neutrality (pH 7). The dissolved

chemicals would be the minimum necessary to neutralize the oxidants, and thus

disposal problems of the aqueous layer would be minimized.

To determine the feasibility and desirability of pools of this type, a series

of laboratory experiments was conducted.

2. Experimental Results

A receiver vessel layered with CaCO 3 and water was prepared. To this

solution was added N204. The water temperature and pH were monitored and

the time and dilution necessary to safely dispose of given quantities of N204

without seriously raising temperatures were determined.
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The receiver contained two liters of tap water, and 250 gin. of fineb'

powdered CaCO 3 was prepared. The CaCO 3 was layered on the bottom to a

depth of 5mm. In a separate flask 25 ml. of N204 was placed. A 1/8" glas_ tube

was inserted into a rubber stopper which was fitted to the flask. The other end

of the glass tube was inserted into the receiver to a level just above the CaCO 3

(see Fig. 31 ). The flask containing the N204 was heated to 35°C with a water

bath and N20 4 vapor and liquid proceeded into the receiver for 15 minutes.

The pH of the receiver solution dropped from 8.0 to 1.0 over this period

of time while the temperature varied slightly from 21 to 22°C. The bubbles of

NO2-N204 were large, however, and a red cloud was observed over the receiver.

When the time of addition of N204 was increased to 0.5 hr. the amount of red

gas over the receiver was considerably diminished.

A second experiment (see Table XXIX) was conducted similar to the one

described with an important exception. Limestone chips 0.75 inches indiameter

were used in place of the finelypowdered CaCO 3. The other parameters and

data were as follows:

Wt. of CaCO 3 400 g.

Vol. of 1t20 1.8 1

Vol. of N204 added 25 ml.

Time 20 minutes

©

©

TABLE XXIX

Addition of N204 to Water over CaCO 3 Chips

Time

mins. pH

0 3.5

10 1.0

15 1.0

20 1.0

24 hr. 4.0

Receiver

Temperature

21°C

2l°C

21°C

21°C

19°C

Comment

Contact of N204 vapor with water

Vigorous CO 2 evolution

End of CO 2 evolution

©
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Figure 3L Addition of N204 to water over calcium carbonate.
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Again, large bubbles of NO.,-N,_O1_. . were observed and a small amount of

red gas (NO2) was observed over the receiver.

The data indicated that a .,4rc:lter dissoluiion rate of NO2-N204 would have

to be ()blained befolx) this disposal approach could be considered. Experiments

were therefore conducted in which the N204 was delivered to the receiver using

spargers with 10 to 15 micron porosity, to facilitate the production of small

bubbles ,and thus allow a greater rate of dissolution. These experiments are

described in the following section.

©

©
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V1. VAPOR PilASE ADDITION OF N20 4 TO HOLDING PONDS.

1. introduction

The preceding section describes experiments which were only partially

successful because of limited dissolution rate. To improve on these results,

and also to test the validity of the thermal analyses of Section I. A of the

"Application Studies" portion of this report, a laboratory scale model of a

holding pond disposal process in which N20 4 is introduced as small vapor

bubbles was constructed.

2. Experimental Results

A 500 ml. r.b. flask was filled with 50 ml. of N204. Two glass tubes

were inserted in a rubber stopper :rod the stopper in turn inserted in the

opening in the flask. These tubes were attached to two spargers (3 era. in

diml_eter) containing fritted glass outlets. * These slmrgers were in turn

inserted into a receiver bath containing two liters of tap water in a crystallizing

dish 10 era. high and 19 cm. in diameter. Five hundred gins. of marble chips

were layered on the bottom of the crystallizing dish (Fig. 32). The N20 4 was

allowed to vaporize, pass through the tubes and'spargers and into the water in

the receiving vessel. All 50 ml. of N20 4 were added over five hours and the

pH dropped from 8.1 to 1.9. with essentially no change in temperature. At the

end of eight hours, the solution was essentially neutralized (Table XXX). In

the second experiment, the N20 t was heated with a water bath to 35°C to speed

passage of N20 4 into the receiver. This time the pH changed from 8.1 to 1.1

in two hours and twenty minutes and again no rise in temperature was noted.

At the end of three hours and twenty minutes, the pH was neutral (see Table X_KI).

At no time in these experiments was a red gas observed above the liquid in the

receiver. Only clear bubbling CO 2 was observed. A third experiment was

conducted in which the marble chips were removed and 50 mls. of N20 4 was

added to plain tap water through the same previously described system. At room

temperature, the addition was complete in 400 minutes and the pH was less than

0. A slight rise in temperature was noted and again no red gas indicating NO 2

was observedemanating from the water in the receiver flask (Table XXXII). A

fourth experiment was conducted in which a water bath at 35°C was used to heat

porosity M - 10-15 microns
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Figure 32. Laboratory model holding pond with vapor phase N204 addition.
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"I'AB LE XXX

Addition of N204 Vapor to Water and Calcium Carbonate at Room Temperature

Time Receiver

Mins____._, pH Temperature

0 8.1 23.5

10 8.0 23.5

20 3.0 23.0

90 1.5 23.0

300 1.2 23.0

480 [;. 6 23.5

C_omment

Start

NO 2, N204 contacts water

in receiver

CO 2 evolution starts

End of N201 addition

End of CO 2 evolution

q

TABLE XXXI

Addition of N204 Vapor at 35°C to Water and Calcium Carbonate

Time Receiver

Mins_____. pIl Te,l,perature Comment

0 S. 1 23.0 Start

10 6.5 23.0 NO 2, N204 contacts water

in receiver

30 1.2 22.5 CO 2 evolution starts
6O 0.8 22.0

120 0.8 22.0

140 I.I 23.0

200 7.1 23.0 End of CO 2 evolution
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T i me
Mins.

0

15

30

60

120

TABLE -'_'XZKII

Addition of N20 4 Vapor to Water at Room Temperature

Recc ive r

pH Tern perature

6.5 23.5

2.5 23.5

1.8 23.5

1.5 23.5

0.5 24.0

400 • 0 25.0

C omme nt

Star(

Receiver water has
blue tint

Ead of N20 4 addition

0

-l_ime

Mins. pH Temperature

0 6.5 23.5

15.0 1.5 24

3.0 1.8 25

<0 5

TABLE XXXIII

Addition of N204 Vapor at 35°C to Water

Receiver

Comment

Start

End of addition of N204
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the flask containing 51) ml. of N2Ot. This treatment resulted in a faster flow of

N,,O. i into the receiver vessel. The data are shown in Table XXXIII. Again, no

t'ed gas indicating N()., was obst, rvcd above the wnt(,r level in the receiver.

After completion of addition of N20 4 in these two experiments, each

solution was neutralized with 500 ml. of 100_ aqueous hydrazine. The results are

shown in Table XXXIV. During neutralization vigorous gaseous effluence was

noted but no brown gas was seen. After neutralization the solution had an amber

color.

TABLE XXXIV

_ Addition of 10/_ Hydrazine Solution to 2.5% Aqueous Solution of N204

Addition time

Te rope rature Inc tease

pH after addition

Discussion

It may be

Experiment3 Experiment ,I

2.5 minutes 3.0 minutes

20oc 25°C

6.6 6.5

assumed that a 2.5% (vol./vol. ) solution of

N204 in water results in a solution of such high acidity as to pose a threat to the

eyes of an), person in the immediate vicinity of such a holding pond. Dilution

would, of course, tend to neutralize but massive amounts of water would be

required. Therefore, a holding pond containing dissolved N20 4 (actually HNO 3

and HNO2) would have to be almost immediately neutralized with hydrazine fuels

or another neutralizing agent such as limestone (CaCO3) in order to render the

solution innocuous. Using systems analogous to those devised in these experiments,

it should be possible to dissolve a large amount of N204 vapor in water in a short

period of time. Such dissolution is critically dependent upon the use of spargers

containing small pores.

These experiments show that it is possible to neutralize N20 4 solutions

with hydrazines, generating at least 20°C of heat, but still cause no release of

any NO 2.

These experiments also show conclusively that inexpensive undissolved

marble chips can effectively neutralize N204 solutions in a relatively short period

of time.
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VII. OXIDATION OF I)ll,ll'l'l"l) N211.1 BY OZONE I_UI;I;I,IN(;

OBJECTIVE: To Study the Decomposition of N2I[ 4 by Bubbling 0 3 through
a Diluted Solution.

1. Introduction

N2H4, being a strong reducing agent, is subject to easy oxidation

with an oxidizing agent. A powerful oxidant is ozone (03). In dilute

solution the rate of reaction is controllable to prevent a runaway reaction

either by limiting one of the constituents or by providing sufficient

dilution to dissipate the heat of reaction. Thus, a system like this was

thought to provide a possible waste fuel disposal method.

A search of available literature turned up no useful information.

Therefore, these experiments were set up to explore the effectiveness of

this disposal method.

2. Procedure

A series of 9 test runs were made. Samples of dilute N2H 4 solution

were poured into 500 ml. gas bubbling cylinders provided with a medium

porosity gas sparger and a thermometer (Figure 33).

Dry 0 2 from a commercial tank was piped through a flowmeter

(set at 15 SCFH) to the ozone-generating apparatus. The output was

bubbled through the N2H 4 solution for 1-2 hours. Small samples (5-10 ml)

were removed periodically and analyzed for residual N2H4. The temperature

of the solution was measured at 5-10 minute intervals. The analytical
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method utilized p-DAB reagent as described in Appendix B. Ozone was

analyzed using the o-tolidine reagent method after establishing a

concentration curve.

Plots of the resulting data were made and are discussed

below.

3. Results

The concentration ,and temperaturc vs. bubbling time are plotted

in Figures 34 through 3S. Ozone was added at a rate of 1.2 grams per

hour in all tests.

As shown in Figure34, tests2, 3, and 4, approximately 0.5%

N2II 4 is oxidized by O 3 in a controlled manner within a 2 hour period

to about the 5 ppm concentration - a 99.9 % reduction.

As a comparison, in test 5, a similar N2H 4 solution was reduced

by air bubbling to the 3825 ppm level - a 24% reduction. Evaporation

losses were not determined, but they may be assumed to be nea'rly

identical for both set ups or slightly higher in test 5 due to initial

p re he at ing.

In test fi, the ozonation of a preheated solution was only very

slightly less effective than in tests 1 through 4 - a 97.9 % reduction in

110 minutes. This is opposite to the anticipated quicker reaction at

elevated temperature. This result was probably due to the more rapid

disintegration (or lower solubility) of ozone in warm water. The shape

of curve 6 corresponds closely with the shape of curve 7, resulting

from a solution approximately 10 times stronger.

In Figure 35 are plotted the results of tests 7, 8, and 9 with

solutio_ts containing higher N2H 4 concentrations. The curves do not

follow _my particular pattern. There may be yet undetermined variables

affecting the ozonation. Alternately, the ozonat0r itself was mis-

behaving during these runs which may partly account for the variations.

In Figures 36 ,and 37 are plotted curves showing temperature

as a function of bubbling time. The temperature increases as reaction

proceeds, then levels off and finally drops when the N2H 4 is reduced to a

low level.

©

©
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Table XXXV lists the stoichiometric 0 3 requirements of the nine

treated batches of N2H 4 . The correspondence of these figures with

the data of Figures 34 through 38 is established by the ozone flow rate,

which was 1.2 grams t1200 rag) per hour. Thus, in test 8 approximately

C5130 / 1200 ) = 4.3 hours would be required to generate enough 0 3

to neutralize the initial N2H 4 solution, if complete absorption ocurred.

Table _V1 shows 0 3 concentration in distilled water after bubbling

for the stated times. These figures indicate (very _'oughly) the 0 3

concentration to be expected in the N2H 4 solution. O 3 concentration

was in the 1 ppm rmlge during the bubbling treatment.

4. Discussion_

The objective of this stud)" was accomplished. The results

show decomposition of N2H 4 by 0 3 is easily effected. For example,

the concentration of N2H 4 was reduced from 5000 ppm ( . 5 %)_to

below 10 ppm or lower within a short period of time (1-2 hours).

More concentrated solutions (several %) can be reduced to low levels

by allowing a longer treating peri¢×t in order to control problems

associated with the heat of reaction.

The gaseous output from the ozonator at the setting used _-as a

mixture of 0 2 and 03 in approximate ratio of 1 part 0 3 to 45 parts 0. 2 .

The temperature of the reaction was monitored during a run and

the supply of 0 3 could bc immediately reduced or stopped, if necessary.

Thus, reaction rate was controlled simply by limiting the supply of 0 3

bubbled into the solution. Due to the low capacity of the 03 generator

( 1.2 g/hr or. 02 g/rain ) the quantity of heat released was only

sufficient to raise the temperature a maximum of 28 ° C above the

.'tmbient temperature in one run (Test 7). In no case did the temperature

rise above 49 ° C. In solutions containing approximately 0.5 % N2H 4,

T (the maximum temperature rise above ambient) did not exceed

10 ° C. In tests 7, 8, and 9 containing several % N2H 4, _T exceeded

20 ° C as shown: ,i)
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TABLE XXXV

OZONE REQUIREMENTS

(STOICHIOMETRIC)

Vol. of
Solution

m l.
Initial N2H. Conctn.

1 250 5,150

2 250 5,150

3 250 5,100

4 250 5,100

5* 250 5,070

6" 500 3,550

7 120 38,250

8 250 42,750

9 250 37,250

Solution was preheated before introducing 0 3 .

0 3

Requi reme nts

mg

620

620

610

610

810

856

2200

5130

4420

C o mine nt s

Air Bubbling

High Vol.

Low Vol. -
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TABLE X_-XVI

CONCENTRATION OF O 3 IN DISTILLED WATER

(Vol. =- 250 ml)
(lab. ambient

temp. )

TIME OF O_ CONCENTRATION

BUBBLING 0 3 (A_verage of 2 Determinations)
rain. (PPM)

5 .69

I0 .80

20 .71

30 .60

40 1.12

©

Note: Lange's "Handbook of Chemistry" gives the following solubility data for

03 inH20: 0.88cc@ 0°C, 0co (d 60°C.
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Test # 2 3 4 I; 7 8 9

A,r{°c) i;° 9° 7° ,_, _' .2so 2(; ° 21 °

In tile air bubbling experiment (Test 5) which was preheated to 45°C,

a hot plate was necessary to m:dntain temperature above 40 ° C.

In the chemical neutralization waste disposal methods utilizing

chlorine-releasing compounds, severe equipment corrosion problems

are often encountered. In all chemical neutralization methods the

reagent and operational costs are high, and environmental hazards

due to the quantities of reagent used might also be high. The O 3

bubbling method may offer a distinct advantage and should be investigated

further.

The cost of generating O 3 for a small application is relatively high

but not prohibitively so. For a large application, the cost of supplying

03 would be somewhat higher than the cost of chlorine. Ozone is used in

Europe for disinfecting water supplies.

Although 0 3 bubbling runs were made only with N2H 4, the idea is

applicable to both MMH and UDMH, where the chemistry is not much

different.

In summary, neutralization of N2H 4 with 0 3 appears to be a suitable

method for disposal of waste N2H 4.

5. Conclusions

The following conclusions were drawn:

(1) O 3 bubbling was effective in oxidizing a 0.5% N2H 4

solution to below the 10 ppm level within 2 hours.

(2) The temperature rise resulting from heat of reaction

was easily controlled by restricting the 0 3 supply to the

solution.

(3) The 0 3 bubbling method should be considered as having

potential application where chemical r_utralization methods

are currently used.
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The second category of studies uudert;fl<en in Phase 3 involved engineering

analysis and design considerations relating to the application of various disposal

methods. Some of these studies were related to certain particularly attractive

disposal methods, while others were concerned with specific disposal situations.

Among disposal methods, there was particular interest in oxidation ponds

and fuel-oxidizer reaction ponds, as both of these facilities were found in the

evaluation phase to be especially effective and economical means of disposing

of liquid propellants and scrubber discharge liquids without creating secondary

environmental hazards. Analytical and experimental studies treated thermal

aspects of the diluted fuel-oxidizer reaction to aid in establishing design criteria

for actual ponds. Minor variations on existing neutralization methods - the use

of urea as a neutralizing agent for oxidizers, mad of acetic acid to neutralize

tile fuels - were investigated in conjunction with the thermal studies. Experiments

were also perforaned to establish design criteria for oxidation ponds, by

measuring hydrazine concentrations as a function of time in an aerated pond,

and by looking at the effects of copper and iron catalysts on these results. A

thorough study of the literature on bubble growth and detachment was undertaken

as a basis for aerator design - the effects of various materials and pore sizes,

the pumping requirements, and other important parameters were considered.

Scrubbers were studied in terms of establishing guidelines for selecting sizes

and flow rates, and particular attention was given to counter current scrubbers.

The question of HF removal from dilute IRFNA solutions, which was not

completely resolved earlier in the study (partly because of the current lack of

IRFNA disposal activities) was examined experimentally.

A number of specific disposal problems were also studied, including fume

hoods in which small assemblies containing residual propellants could be

disassembled, and systems for the remote dumping of hypergolic fuels from

drum-type containers. Facility location considerations for various disposal

situations, including considerations of alternate or contingent landing sites,

were treated.
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11. I,'I_EI,-OXII)IZEI{ I{EAC'I'I()NS IN I)IIAtTE SOLUTIONS

Several methods for the neutralization, dilution or decomposition

of h_pergolie propellants involve the use of holding ponds. The advantages

of holding ponds include ease of construction, low installation cost and

ease of operations. Possible disadvantages include leakage from the pond,

which might contaminate local water supplies. Modern high performance

coatings or films will probably preclude leakage, subject perhaps to

periodic replacement, and might be required.

Questions of concern in the design of holding ponds include thermal

considerations: how rapidly can fuel and oxidizer be added to a pond without

causing pond temperature to rise to a point that would either be particularly

hazardous, or cause significant amounts of toxic vapors to be evolved.

These considerations are important in establishing minimum sizes of

ponds for various applications. The following pages describe three separate

studies that were carried out to provide answers to these and related

questions.

A. THERMAL ASPECTS OF HOLDING PONDS

A small rectangular pond, 30 meters (100 ft) long, 20 meters (66ft)

wide and 1 meter (3.3 ft) deep, was arbitrarily chosen for purpose of calcu-

lations. The depth of one meter (3.3 ft) was chosen to avoid digging into the

water table. Also, it would allow anyone accidently falling into the pond to

easily walk out.

Construction of the pond consists of excavating a hole to the proper

dimensions and lining it with a suitable material, such as concrete and a

sealant, plastic, or stainless steel.

In the holding pond, fuel and oxidizer can be mixed in the proper

ratios to neutralize one another. The chemical reactions are exothermic

(heat given off) and the temperature of the pond will increase. The heats

of reaction for the various reactions of interest (for initial and final states

at Standard Temperature and Pressure) are as follows:

©
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N2H 4 + 2H202

N2H 4 _ N204

CH3N2H 3 + 5H202

CH3N2H 3 + 2N204

(CH3)2N2H 2 + 8H202

(CH3)2N2It 2 _ 3N204

N 2 + 4H20

N 2 +2NO ÷2H202

N 2 + 8H20 + CO 2

3
N 2 +3NO +CO 2 +3H20

N 2 + 12H20 + 2CO 2

2N 2 _ 4NO + 4H20 + 2CO 2

153.5 Kc al/m,':le

85,9

345.5

218.7

535.9

350.0

a. Transient Calculation

A temperature increase of 30 ° C was arbitrarily chosen for p_rposes

of c._lculation. If a large quantity of fuel and oxidizer is rapidly mixed in

the pond, assuming for the time being that there is no heat loss, the amount

of fuel plus oxidizer that would raise the temperature of the pond 30 ° C can

be calculated using the heats of reaction, pond dimensions, and heat capacity

of water to give the following results:

International Standard Units

3.75 x 103-Kg N2H 4 _ 7.85 x 103 Kg II202

6.50 x 103 Kg

..') 40 x 103 Kg

3.80 x 103 Kg

2.00x ]03Kg

3.14 x l03 Kg

N2H 4 + 18.6 x 103 Kg N204

MMH e 8.85 x 103 Kg H202

MMH _ 15.20x 103 Kg N204

UDMH +9.06 x 103Kg tt20 2

UDMH + 14.5 x 103 Kg N204

English Units

1.01 x 103galN2H 4 + 1.52 x 103gal H20 2

1031.7 x gal N2H 4 + 3.40 x 103 ga[ N20 4

7.35 x 102galMMH + 1. C;7x l()3gal H202

1.15x 103gal MMH _ 2.80x 103gal N20 4

6.85 x 102gal UDMH + 1.75x 103 gal H20 2

1.05x 103gal UDMH+2.64x103gal N204

b. Steady State Calculation

Next we consider the propellant flow rates necessar:, to maintain

a constant temperature difference of 30 ° C between the pond and its surround-

ings. For steady state, the energy released by the reaction of the propellants
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entering the pondwill just equM the heat transfer from the pond to the

surroundings.

The heat transfer from a pond at temperature _T above ambient

is considered to be the sum of a convective part and a conductive part. The

conductive part is approximated by the conduction from a source of radius

equal to mean pond dimensions, on the Burface of an infinite half-space.

The free convection from the pond is assumed to be laminar-for the sake

of obtaining a conservative result. Any heat flow due to the evolved

gases of the reaction leaving the pond has been ignored. This heat flow

may be significant; thus the calculation is conservative. The heat transfer
1

isthen

dQcoND dQcoNv
= +

dt dt dt

J

= f (geometry) kAT + hA _T

4_k_T
= + .27

1 1
m D

r. r
1 O

(-_-_)" A _ T

25
©

L+W
where r i = mean radius of pond - 2

r -=_ _
0

The resulting rates at which the fuel and oxidizer can be mixed

in order to maintain a steacty state are as follows:

. Eckcrt, E.R.G. and R. M, Drake, Heat and Mass Traasfer, Second
Edition, McGraw-Hill, New York, 1959, E-qn. 3-10
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International Standard Units English t'nits

1 "'" Ix_ Ngll I ,., 60 l_ I1,(), 31 g:tl N2111 f 5'_ Lga/ 1120 2.... h_" . "" hr :, = " hr "" hr

2.10 Nghr N2III f {;'02 h_r N2OI "55 galhr N9114,, _ 1.1 _j_llhr N'_OI.

0.78 KgMMtt _ 2.99 --_ H202 .23hr " hrhr gal MMH + 60 _ H202

1.23 -_MMH + 4.93 K_ghrN204 .37galhr MM/-I +.88galhr N204

0.65 Kg UDMH + 2.96 Kg H202 .22 hr h-_--'alhr hr gal UDMH _ .95 H202

1.02 UDMH + 4.70 N204 .34 UDMH *. 84 h_---1_2(94

It shotfld be noted that these figures wotdd not increase were the depth of the

holding pond increased, but would rise in almost direct proportion to the surface

area of the holding pond. Thus, the proportions of the pond will be determined by

its use: whether it is subjected to occasional large dumps or to a steady flow of

hydrazine fuels.
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!_. NEUTRAIJIZATION OF D1LUTEI) IIYDI_A ZINES WITH I)ILUTE D OXll)l ZE ItS

OBJECTIVE: To observe thefT (pe;_l<) on mixing hydrazines with oxidizers at
various concentrations.

I • Introduction

A brief series of laboratory experiments was run on the temperature rise involved

in neutralization of small quantities of diluted hydrazines with diluted oxidizers. The

concentration of reactants was from 1 to 20%. It was desired to determine if a pro-

hibitively high temperature rise occurred on mixing fairly strong concentrations. If

temperature rise was not excessively high, it was reasoned that storage volume and

equipment sizes could be made smaller by designing for relatively high concentrations.

Selection of the highest concentration known to be safe will be helpful in choosing

the minimum size storage volume required for equipment or holding ponds for at

least partial self-neutralization.

There probably exist many records in various labs on similar experiments,

but none were available to us when we sought them. It was decided that less time

would be spent in actually doing the work required than in asking for information

from a number of.scattered organizations.

2 • Procedure

Solutions of MMH, N2H 4, N204, IRFNA, urea and acetic, acid were prepared

in various concentrations. These generally included 20%, 10%, 7 1/2_, 5_ and

1% by weight.

A volume of 50 ml of each reducer (MMH, N2H 4 or Urea) was poured into a

beaker confined within a fume hood. The temperature of the solution was noted. The

entire measured vohune of diluted oxidizer (N204 or IRFNA) corresponding to the

stoichiometric requirement was poured at once into the beaker. The beaker was

swirled by hand and agitated with a thermometer to mix the reactants. The peak

temperature _attained was observed and recorded as _T (peak temperature minus

initial temperature). No allowance was made for heat absorption by the beaker or

heat losses to the atmosphere.
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3? Etluations for the Reactions

The w_lumes of solutions used apl_a," above each rcact,-mt.

50 ml 100 ml

(CH3) N2li 3 _ 2N20,--_3,_ _ N2T ' 3NO_ CO 2_ + 3H2()

50 ml 136 m] 2NO?+ CO 27 4- 4H20(CH 3) N2H 3 + 2HNO3_N21 +

50 ml 144 ml

N2H 4 + N20 4 _ N21+ 2NO t + 2H20

50 ml 197 ml

N2H4 + HNO 3 _ 1/2N21 + 3NO_ + 3H20

50 ml 79 ml

(NH2) CO t N204 _ NH4NO 3 ÷ CO2t 4- N2_

50 ml 54 ml

(NH2) CO , HNO 3 - NH4NO 3 + CO 2 + 2NO

4 • Resulls

Figure 39 shows the tempel_ature rise encountered by intermingling stoichiometric

quantities of diluted solutions in a 500 ml beaker to approximately 100 to 250 ml

combined volume. In the stronger concentrations the _kT exceeded 20oc. In the

lowest concentration the _,T was from undetectable to 4oc.

In comparing the _T of these reactions it is observed that N2H 4 yields a higher

_k T with any of the oxidizers than does MMH. Also, with either hydrazine, N204

produces a higher _T than IRFNA. Again, N204 yields a higher _ T with urea

than does IRFNA.
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The amount of gas cw_lv¢_[ was Col_ious in rcactiol_ of N2Ol or I I_VNA with

(:ilhcr hy,lrazine,; more so with N20 1 than with lltFNA.

There was considerable gas evolution in reacting N204 or IRFNA with urea.

, There was little or no gas evolved when reacting either hydrazine with acetic

acid (HAc), :dthough some bubbles formed on the sides of the beaker after mixing.

The rise in temperature indicated chemical reaction.

Naturally, as weaker concentrations were mixed, there was decreased gas

evolution and lower ,A T.

5. Discussion

The practical application of these data point to the following possibilities:

1. The relatively modest_T at 1 to 5% concentrations leads to the

possibility that diluted oxidizers and diluted hydrazine (up to 5% each) may be

indiscriminately mixed together provided they are mixed in an open system.

(Not in a closed tank where copious gas evolvement may induce high

pressures). A _T of 10oC above ambient is not excessive. No fire or

explosion hazards would be created. There appears to be little danger of

therm,_l runaway reactions occurring. Such a statement applies as well to

larger volumes than those used in the lab tests.

Application of this information can be made to the design of holding ponds

and open oontainers. One pond may serve for disposal of both types of wastes -

hydrazines and oxidizers. Utilizing the dilution feature, one pond can

accommodate wastes of an), concentration.

2. The _T on mixing 7 1/2 _ concentrations varies from about 20oC for

the hydrazine/oxidizer combination to about 3°C - 12oc for the urea oxidizer

and hydrazine/acetic acid combinations.

3. For concentrations 10% or 20% the _ T will be from 10°C to 27°C

or higher if mixed at once. Direct mixing of hydrazines with oxidizers should

be prohibited at such high concentrations except under carefully specified

conditions by experienced personnel.

4. Mixing of one diluted hydrazine with another diluted hydrazine is

believed to be feasible (or one type diluted oxidizer with another type diluted

oxidizer) without involving hazards. (Such feasibility was not demonstrated

in this study).
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5. Ifont'rcm'tanl is in t,xt.t,_,,¢0lilt'rL'suliing,,_'l'will bt,lowt,r th_n th:ll

shown m I:igure39. The stoichJometric case is the worst.

G. After the initialgas evolution is completed for the main reaction,

additional gas evolution continues in some cases due to completion of side

reactions. Therefore, storage of mixed hydrazines/oxidizers is unsafe in

closed systems for an undetermined period of time. No unsafe condition exists

for storage of mixed wastes in open containers or ponds, except for the usual

toxicity of reaction products such as NO 3.

6. Conclusions

1. This work was of an exploratory nature to determine _T obtained

on mixing various combinations and concentrations of hydrazines and oxidizers,

and of hydrazines with acetic acid and oxidizers with urea.

2. From these data, suggestions were made regarding the possibility

of reducing the size of storage facilities for wastes by permitting mixing of

concentrations up to 5% of fuels and oxidizers.

O
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Co NEUTRALIZATION OF 5% HYDRAZINE SOLUTIONS USING VAPOR PHASE

NITRO GE N TE TROXIDE

Holding ponds have been considered as methods of disposal for both hypergolic

fuels and oxidizers. To determine the feasibility of this disposal system if N204 -

NO 2 vapor is introduced directly into the holding pond, the following experiments

were conducted.

A one liter solution of hydrazine NH2NH 2 (5%) was prepared. The temperature

was 27°C trod the pH was 11.1. Fifty ml. of N204 was distilled into this solution

through a sparger over a three hour period. The temperature rose to 32°C and a

final pH of 7.7 was obtained, as expected since the hydr_zine is in excess (mole

ratio hydrazine to N204 is 1.7 to 1). No red NO 2 vapor was seen over the receiving

solution.

A similar experiment using MMH was conducted. A 5% MMH solution was

prepared (PH 10.5, temp. 28°C),50 mls. of N204 were added over a two hour period

and the temperature rose to 39°C while the pH declined to 7.2. The mole ratio of

MMH to N20 4 in this case is 1.1 to 1. Again, no red cloud was observed.

It is concluded that disposal of vaporous N204 into dilute hydrazine solutions

seems to be a safe and effective method of disposing of both these hypergols.

r
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iii. AERATION PONDS FOR HYDRAZINE

In the portion of this report concerned with "Evaluation of Current Disposal

Methods, " we discussed the reaction of fuels and oxidizers with various

neutralizing reagents. All of these chemical methods are expensive, and

involve secondary disposal problems in that non-toxic but environmentally

hazardous compounds are introduced in large quantity.

Itis partly for this reason, and partly for the purpose of evaluating new or

lesser known methods of waste propellant disposal,that the air oxidation method

was investigated. The objectives were additional familiarity with the method, and

establishment of various design criteria and guidelines.

Visits by study personnel were made to the Western Test Range at Vandenberg

Air Force Base, Johnson Space Center, and White Sands Proving Ground to observe

existing oxidation ponds first hand and talk with engineers responsible for their

design, maintenance and operation. The only operational aeration pond was at Johnson

Space Center, where a very large flow of air is introduced through two H-shaped

manifolds at the bottom of a fairlydeep concrete holding pond. The bubbles

generated are quite large, and result in a general roiling motion of the central part

of the pond and visible circulation throughout most of the pond. At the Western

Test Range, a spray pond has been constructed for experimental purposes, and one

batch of hydrazine has been oxidized in the pond for data collection purposes.

Oxidation ponds at White Sands Proving Ground are essentially untreated holding

ponds, with air oxidation taking place naturally at the surface but no aeration.

Measurements at both Western Test Range and Johnson Space Center show

that during aeration a period of time passes in which dissolved oxygen levels in the

water increase, but there is no significant reduction in hydrazine level; this period is

followed by a reduction in hydrazine content once the dissolved oxygen

reaches saturation.

Operating experience at the one operational holding pond has apparently been

quite satisfactory. It should be noted, however, that very little hydrazine disposal

has taken place at JSC during the time (several months) that the aerator has been

installed in this pond. The primary reason for installation was to provide a means

of quickly oxidizing the hydrazine in case of emergencies - the need for pumping

water from the uond to prevent overflow during very rainy weather, for example.
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Starting with a 300 ppm N2H 4 concentration in 0.5 million gallons of water, the

hydrazine concentration can be reduced to 5 ppm in about twenty hours, with most of

the reduction occurring in the last two to three hours. The addition of copper

sulfate or iron oxide as a catalyst contributes to the speed of oxidation.

In the experiment at WTR, mixed hydrazine fuels were added to 50,000 gallons

of water to a level of 120 ppm, with 0.2 mg/l copper ioa as catalyst. The mixture

was then sprayed into the air at a rate of 60 liters per minute for eleven days,

achieving dissolved oxygen saturation, _nd allowed to sit. The hydrazine disappeared

slowly thereafter, with oxidation essentially complete after another nine days. There

was no signific,_nt emission to the atmosphere - only trace amounts of UDlVrH could

be detected at a point six inches above the pond surface, except for one 6 ppm reading

made thirty minutes after h vdrazine tra_nsfer to the pond.

With these results in mind, a series of experiments was conducted to look

at the effect of various parameters on the speed and cost effectiveness of hydrazine

oxidation by air bubbling. In addition, a thorough review of bubble formation, growth

and detachment was carried out, and past experiments and analyses of bubble rise

velocities were reviewed.

,\

"]
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A. AIR OXII)A'I'ION Of; Dll,trl'l,ll)I,'UEI.qWITH OR WITHOUT CATALYSTS

I. Pr_x_edure

Two 10 gallon aquariums were half-filledwith tap water. Measured amounts of

N2H 4 or MMH were added, up to approximately 925 ppm. Either CuSO 4 or Fe203

or both were introduced as catalyst in the desired quantity. Three spargers

located near the bottom of each tank were connected to the pressure end of a Gast

pump to provide agitation. Air flow was approximately 2 I/rainthrough each

sparger. Residual concentration of material was determined daily for run durations

of 1 to 9 days. The tanks ware loosely covered with aluminum foilto minimize

evaporation losses.

Analysis of the hydrazines was performed using p-dimethylamino benzaldchyde

(see Appendix B). Chlorine demand, pH and dissolved oxygen measurements were

performed in a few cases.

-.'_Results

Tests 1 and 2

Figure 40 shows that the rate of decomposition of N2H 4 is considerably higher
++

when using. 02mg/1 Cu catalyst than without the catalyst. Without the catalyst the

oxidation of N2H 4 proceeded slowly in spite of ample air bubbling and good agitation

in the tank,

Test 3

Figure 41 shows that the Fe203 catalyst is not as effective in increasing the

rate of N2H 4 decomposition as the Cu catalyst.

Tests 4 and 6

Both tests show a rapid decomposition rate, starting with over 300 ppm N2H 4

and being reduced to 1 ppm in one day,

Test 5

The curve shows rapid decomposition of N2H 4 in the first day. The run was

discontinued when the air hose disconnected during the run.
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Test C onditior_:

Air Flow, 8 l/rain tx_r lank
Temperature 21 _ 1 oc

Catalyst ,

Test 3, . 1 mg/l Fe203

After 5th Day added . 2mg/l

Test 4, .2 fiag/l Fe203
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Test 5, .01 mg/l Fe203

.1 mg/l Cu

Test 6, .2 mg/l Fe203

• 2 rag/1 Cu

* CuSO4m Cu _+ion

C u _
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I I
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est 3

_ddecl i
_After !

4 5 6

Time in Days

Air oxidation of N2H 4, Tests 3 through 6.
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Tests 7 and S

Figure 42 shows that the decomposition of N2H 4 was rapid when using either

(.".tlor Cu/Ft" catalysts. 'I'hetest was not conclusive in deciding on the more efficient

cat,_lyst. Ainu)st complete disapl_2:lt':mcc of N2ll,i occurred after 2 days of air

treatment with either cat_tlyst, starting with high concentrations.

Tests 9a and 9b

Figure 43 shows high rates of decomposition of the hydrazines. The MMIt

decomposes more slowly than N2H 4.

3. Discussion

Tests 1 and 2 denmnstrate the advantage in using a catalyst to hasten decomposition

of N2H 4.

In Test 3, the Fe203 was insoluble and most of it settled to the bottom of the tank.

Therefore, contact opportunity was considerably lessened. This fact may account

for the relatively lower decomposition rate of N2H 4 in this run.

Tests 4 and 6 are exceedingly interesting due to the very rapid decomposition

rate demonstrated. Given a large enough pond to effect sufficient dilution, with

adequate "air bubbling capacity, it is conceivable that waste N2H 4 /MMH can be

cconomic,'tlly Oxidized within a few days in an environmentally acceptable manner.

Economical operation is expected as a result of low maintenance and equipment

costs, few chemicals, and low labor requirement. The products are mostly N 2

with traces of NH 3 or other gases. The pond water can be reused and evaporation

losses made up if rainfall is insufficient. The contained Cu ion will act as an

algaecide,

An odor of NH 3 or amine was noticed in the vicinity of the tank for 1 or 2 hours

_ter adding hydrazine. No air sample was taken to ascertain the presence and

quantity of N2H 4 above the liquid surface.

It would have been desirable in these runs to determine the N2H 4 evaporation

losses. The water losses were made up by adding about 200 ml H20 every other

day. Evaporation losses may have been significant due to the large volume of air

0,61/min per tank) being bubbled continuously into the solution. The purpose i._ using

the high volume of air was to preclude oxygen starvation during the oxidation stage.
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The cldorinc demand, which corrcsponds roughly to the amount of hydrazine

in solution, was measured, with results in good agreement with the other

measurements.

4. Conclusion

A catalytic - air bubbling method has been demonstrated for

destruction of up to 900 ppm hydrazines within a total erapsed time of

two days.

5. Recommendation

A comprehensive study of the catalytic - air bubbling method should

be made to thoroughly investigate and obtain adequate cost figures, pollution

data and operating procedures. Design parameters including aerator hole

size and catalyst quantities should be optimized.

©
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il. A I)ISCUSSIONt)l,' All{ llUI_I_i,E GROWI'It, I.II_I'i'ACHMENT, AND RISI,;

I. Intrt_luction

Engineering design considerations of aeration ponds must depend to a

considerable extent on the size of bubbles formed. The purpose of this report is

to present briefly the existing theories of bubble formation, growth, and detachment,

and of the rise of small bubbles through bodies of liquid.

For simplicity, we will begin by considering the formation of a bubble resulting

from the introduction of air (or other gas) very slowly through a single, isolated,

small hole. '_Small" will mean smaller than the base of the bubble at the instant

of detachment. If the hole is located in a horizontal sur£ace, a side view of the

bubble will be somewhat as shown below:

_IZ__O Liquid

Air

The Z-.axis is an axis of symmetry. The contact angle, 0, is defined as the angle

between the solid boundary and the tangent to the bubble surface at its intersection

with the solid boundary. The "base" refers to the portion of the bubble bounded by

the solid surface rather than the liquid-vapor interface. In the case of static

equilibrium, the bubble is subject to two external forces: the resultant of hydro-

staticpressure on the water-air interface and air pressure on the base of the

bubble, which is a buoyant-like force acting to remove the bubble from the sut<ace;

and the resultant of surface tension at the solid-liquid-gas intersection, acting to

hold the bubble on the solid surface.
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Simplified solutions based on assumptions regarding the bubble shape are

tempting, but generally of Httle value and in fact simplified models are usually

self-contradictory. One complication is the fact that Archimedes' Principle does

not apply, since hydrostatic pressure does not act on all parts of the bubble

surface. Therefore the relationship of base area to interface area and orientation,

.'rod the interrelationship of both with contact angle, is important. Considering

that the liquid-gas interface in the vicinity of the solid surface becomes quite

distorted just prior to detachment of the bubble, it is easy to understand why

simplified models have not been successful in predicting the volumes of bubbles

lcaving solid boundaries.

This problem is an important one in boiling heat transfer, and at least in

ttle static equilibrium case straightforward solutions exist, as discussed in the

following section. In the case of aeration, considerations of bubble size are

important in various ways.

1. The ratio of bubble surface area to volume is inversely proportional

to diameter for similarly shaped bubbles, so that smaller bubbles have

relatively more area for the air oxidation reaction to take place.

2. The air pressure in the bubble is inversely proportional to the

curvature of the surface, and hence to diameter for similarly shaped

bubbles, so that pumping requirements per unit volume of air in the pond

are higher for smaller bubbles.

3. Assuming that the air always reaches pond temperature prior to

leaving the aerator, the density of the air in the bubble is linearly pro-

portional to the pressure, and hence inversely proportional to diameter,

so that surface area per unit mass of air in the bubble is independent of

size, and pumping requirements per unit mass of air or per unit surface

area are higher for smaller bubbles (even more so if the smaller orifices

required for the smaller bubbles are taken into consideration. )

4. Smaller bubbles rise more slowly through the pond, as discussed in a

later section, and hence there is more time for the reaction to take place.

5. On the other hand, both the faster motion and larger size of larger

bubbles help generate circulation in the pond, bringing the contents of the

pond into contact with the air bubbles sooner and more frequently.

It therefore seems apparent that there is no obvious, easy answer to the

question of best bubble size. A careful, detailed optimization would have to be

©
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performed, in terms of pond depth and other pond parameters. An exception

would be a case where the bubbles contain N204 or other toxic vapors, so that

the only important consideration would be complete reaction prior to the bubble

reaching the pond surface, and the choice of the smallest feasible bubble size is

clearcut.

2. Analysis
m,

The preceding section discussed the need for applying force equilibrium

considerations at MI points of the bubble surface, rather than trying to assume

a shape and apply an overall force balance. Performing a force balance on a

surface element results in the capillary equation 1

1 + _X - b2 g (_-/" ) Z (1)

where

X, Z are coordinates as shown in the sketch of the preceding section

X

R, _ are principal radii of curvature, R in a plane containing the

axis of symmet_,

is_he angle which the perpendicular from the interface makes with the

axis of symmetry, measured from the apex (_= 0 at X = 0, Z = 0 )

b is the radius of curvature at the apex (origin)

_1,_2 are the densities of the gas and liquid, respectively

is the surface tension at the interface

g is the gravitational acceleration

This equation has been treated by many authors, with most modern work

patterned more or less after the work of Bashforth and Adams, whose

book 2 reported the results of numerical calculations dating

from 1855 (all by hand, supported by a 50 pound grant from the Royal Society ).

1A detailed derivation, including more generality regarding orientation of

the solid surface relative to gravity, has been presented by B. K. Larkin,
"Numerical Solution of the Equation of Capillarity," Journal of Colloid and

Interface Science, Vol. 23, pp. 305-312 (1967).

2Bashforth, F. and J. C. Adams, An Attempt to Test the Theories of

Capillary Action. University Press, Cambridge, England, 1883.
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This work is also believed to be the first application of Adams' predictor -

corrcctor method, a numerical technique that is still useful for certain types

of problems. In essence, their work amounted to starting at the origin and

numeric:ally calculating the shape of a surface for a given value of b and the

dimensionless constant

g iP2 -,_1) b 2
if-

The results were families of possible surface shapes for each value of

considered. Boundary conditions would be applied by truncating a curve at

a point where its slope corresponds to the desired contact angle.

These results were applied by Wark 3 to the specific calculation of sizes

and shapes of air bubbles in water at 20°C. Of even more interest for our

application is the work of Fritz 4, who developed a technique for using the

Bashforth and Adams results to find the maximum (detachment) sizes of bubbles

as a function of contact angle and capillary constant. Fritz's results are

reproduced directly in Figures 44 and ,t5 below. In Figure _, the capillary

constant is

and in Figure 45,Curve 1 is the case of primary interest here, air bubbles in

water at 20" C.

3Wark, I. W., "The Physical Chemistry of Flotation- I: The Significance

of Contact Angle in Flotation." Vol. 37, p. 623 - 644, (1933).

4Fritz, W., "Bereclmung des Maximalvolumens von Dampfblasen"

("Calculation of the Maximum Volumes of Vapor Bubbles'_. Physik. Zeitschr.,
Vol. 36, pp. 379-384 (1935).
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Figure 45. Maximum volumes of various gas and vapor bubbles, from
Fritz.
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Moiii,l'n inv,,,_! igatorH Itavc u,_,,ci lh¢, clil,_il._II c,unliulor (,_ c,xf.i,l_l l.TJiz',_

rt+l,iultH hi o{lit, r t':i+t,_, ,inii in I.ht' lii't_t'(;i-is lulvt; vt;i'i[it'(! thl._ validity of the

I,'rtlz atilt llasliftlt'Lh and Adaills ealctil:ltit)ng, ill l)artieular, D'u'kin 5 has

developed a method of solution for nonmxisyntmetric surfaces and gravitational

accelerations that are arbitrary in both direction and magnitude, and Coneus 6

has described liquid - gas interfaces in right circular cylinders. This last

case might be applicable in the case of aerators with larger orifice sizes,

since the interface inside the circular orifice might be of primary interest.

3. Discussion

The results above show that small bubbles result from small values of

either surface tension or contact angle - given of course, the essential pre-

requisite of a sm_l pore size relative to the size of the bubbles being formed.

Surface tension is a temperature-dependent property of the water-air

system, but surface tension modifiers-detergents, for example- are readily

available for water. The effect of these "surfactants" is to reduce the surface

tension. Their effect on newly forming surfaces is unknown, however, at

least to the present author. Contact angles, on the other hand, can be varied

over a wide range.

The contact angle is a temperature-dependent property of a solid-

liquid-gas system. Current knowledge of contact angles is due, in large part,

to the work of William A. Zisman and various coworkers over a period of

many years. Their results were summarized by Zisman 7 in 1964. One simple

5Op. eit. See also McGrew, J. L., and B. K. Larkin, "Cryogenic

Liquid Experiments in Orbit, Vol. Ih Bubble Mechanics, Boiling Heat Transfer,
and Propellant Tank Venting in a Zero-Gravity Environment. " NASA CR-652,
December 1966.

6Concus, P., "Static Menisci in a Vertical Right Circular Cylinder. "

J. Fluid Mech., Vol. 34, pp. 481-495 (1968).

7Zisman, W. A., 'rRelation of the Equilibrium Contact Angle to Liquid

and Solid Constitution, in Contact Angle, Wettability and Adhesion. " Advances

in Chemistry Series 43, R. F. Gould (Ed.), American Chemical Society
Applied Publications, 1964, p. 1.
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expression for contact angle that resulted from this work has proven useful

in a great many cases:

COSO I - k (_ - _,), (3)

where k and _ff'care cmpirical constants, _c being m_med the "critical surface

tension" of the solid surface by Zisman. q'L. is the actual surface tension of the

liquid-gas interface. If _ 4 e's , the contact angle is near zero, (There is some

question whether a true zero contact angle can exist.) Solid surfaces are

characterized as being "high energy" or "low energy" according to whether

their critical surface tension values are high or low, respectively. In general,

metals are high energy surfaces, while the lowest values of _are associated

with highly fluorinated organic polymers and other organic compounds made

up largely of C F 2 and C F 3 groups.

To achieve small values of @, then, it is apparent that metallic surfaces

with large values of _ are desirable. In the case of water, however, there is

a particular problem that has been noticed by most researchers concerned with

liquid surface phenomena.

Because of the unusually high surface tension of water, the contact

,_le between a water - air interface and a metal surface fluctuates over a

wide range, as indicated by equation (3) when the term in brackets becomes the

difference between two large numbers. An additional aspect of this problem is

discussed by Frohnsdorff and Tejada 8 in the following terms:

"The measurement of the true contact angles of high surface
tension liquids such as water on high energy surfaces such as
metals is difficult because of the strong tendency of the metals to
adsorb organic vapors. Even a small fraction of a monolayer of
organic molecules appears to be sufficent to increase the contact
angle of water on many surfaces... "

Perhaps the first extensive treatment of this problem was that of Trevoy

and Johnson 9 in 1958. It became very much a problem in connection with the

zero-gravity experimentation of the early 1960's carried out in support of

O

O

8Frohnsdorff, G., and S. B. Tejada, "Measurement of Contact Angles

and Evaluation of Surface Coatings. " Final Report, Contract NAS3-13725,
NASA Lewis Research Center. NASA CR 72975, August 1971.

9Trevoy, D. J., and H. Johnson, Jr., "The Water Wettability of Metal

Surfaces. " J. Phys. Chem., Vol. 62, p. 833 (1958).

.)
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spacect'at't Prolx, ll:lut t:tnk dc_i!,.tt _.IIL,i'I_, :ln_l :t_ :t t'c_ttlt the I,vwi._ lh,.-.,:l t'_.ll

('l'll|l'I" I'tllltit'd :in (,._[oll_i',t, (_V;l|lt:lllol| el IIl'_('C_Itlt't',_ I'()l" Clc:lrllll_ II1('( :it _|ll'|':lCl,..g

Io obl:ljtl '_[I'LIL_" COIII_tCi :III_|os ill I'lbor:llol'y ;Vorlc IO. The c, OIICILISiOII s.V:I_ (h:l!

II_c best procedure was vapor degrc:lsing followed b v immersion in an alkaline

cleaner and thorough rinsing with water.

For cooling pond applications where small bubbles are desired, it seems

likely that some benefit could be derived from using metal pipes for the actual

aerator, degreasing them prior to installation, insuring that they remain sub-

merged in a somewhat alkaline pond, and installing an oil trap on the com-

pressed air line. For the sake of computation, however, it is probably best to

assume the worst, which is probably a contact angle on the order of 800 to 1000.

Contact angles reported by Frohnsdorff and Tejada for water at 20oc on cleaned

and polished metal surfaces range from 8 ° to 12 ° for copper and aluminum

surfaces, 16 ° to 20 ° for stainless steel.

i Larger Orifice Sizes

One assumption in our discussion thus far has been an a_rator orifice

size much smaller than the bubble size. Curve 1 of Figure 45 shows that, at

: 100 °, the maximum volume is about 90 mm 3, corresponding to a sphere of

5.5 mm diameter. Hence this size bubble would not be exl_cted to

• emanate from orifices larger than about this size. In the case of smaller

contact angles, the restriction onhole size would be more severe.

If we consider the air hole to be sharp-cornered as shown in the sketch

below, the contact angle ceases to be the controlling boundary condition if the

interface is attached to the edges of the hole. Rather, the hole diameter pre-

dominates. A meaningful analysis would probably have to follow an approach

similar to Fritz's, seeking in this case the largest member of the family of

curves that can be spanned by the orifice diameter, rather than the largest

member that will allow the requisite contact angle to be realized. (Note that

the interface remains attached to the corner as its orientation changes through

90 e, for constant contact angle. )

10Schwartz, A. M. and A. H. Ellison, "The Effect of surface Contamination

on Contact Angles and Surface l_otentials. ,, NASA CR 54708, 1966.
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Without attempting to actually solve the problem, we may surmise the

following. If the hole is considerably smaller than the maximum bubble

diameter as calculated by Fritz, the bubble will reach the top of the hole,

grow for a period while attached to the corner, and then spread across the

horizontal surface as shown in the sketch at the beginning of this report. For

increasingly larger hole sizes, a point is reached for which the bubble grows

to Fritz's maximum volume while attached to the corner, and hence cannot

spread across the horizontal surface but detaches instead. For still larger

holes, the bubble probably grows on the corner to a value somewhat greater

than Fritz's maximum volume and detaches. As hole size increases, however,

a point is reached for which a stable interface inside the hole is impossible.

©

;r ¸
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This last case is entirely anah_gous to the well-known experinu, n! in which

waLer is i)ieked til_ ill ;I ._la straw _'losecl :tt tilt, tol_ I_y one's l ingeu'. The v_:ltet"

in t he straw is supl)orted by a i r pressure, I)_,t ol_ly l_cause the h)we r a i i'-_vater

interface is stable. The experiment canm)t be repeated with a larger _liameter

tube, even though air pressure is equally capable of supporting the water,

because of instability of the lower interface. It is also entirely analogous to

the problem of liquid propellants in cylindrical tanks under low-gravity conditions,

and hence the solution is by now well-known, and experimental verification is

abund,.mt.

The first comprehensive analysis was that of Reynolds, Satterlee, and

Saadll, 12, 13, results of which are presented in Figure 46. The dimensionless

parameter f gR2,Jl" is known as the Bond number;_ replaces the _f 2-fl)

density difference of earlier pages since ,fl _'¢2m2 in most cases of interest.

The critical Bond number for O: 100 ° is 3.33, giving a critical diameter of

10.0 ram, compared to Fritz's maximum bubble volume of 90 mm 3. The

difference is more striking at smaUer contact angles. At 50 °, Fig. 45gives

a maximum volume of 11.7 mm 3, corresponding to a sphere of 2.8 mm

diameter; the critical Bond number from Figure 46 is2. 73, giving a critical

hole diameter of 9.0 mm.

The conclusion is that these larger holes will produce larger bubbles

up to the point where the hole diameter reaches the critical value calculated

from the data of Figure 46.. For holes larger than this critical size, the aerator

will presumably produce bubbles whose size is governed by other factors

besides hole size - flow rate and tube dimensions, for example - with a good

likelihood that bubbles smaller than the opening size will be produced.

llsatterlee, H. M. and W. C. Reynolds, "The Dynamics of the Free

Liquid Surface in Cylindrical Containers Under Strong Capillary and Weak

Gravity Conditions." Techo Rept. No. LG-2, Dept. of Mech. Eng., Stanford
Univ., May 1964.

12Reynolds, W. C., M. A. Saad and H. M. Satterlee, "Capillary

Hydrostatics and Hydrodynamics at Low-g." Tech. Rept. No. LG--3, Dept.
of Mech. Eng., Stanford Univ., May 1964.

13Reynolds, W. C. and H. M. Satterlee, "Liquid Propellant Behavior

at Low and Zero g." Chap. 11 in The Dynamic Behavior of Liquids in
Moving Containers, H. N. Abramson, ed., NASA SP-106, 1966.
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Figurc 46. Stability limit for an inverted meniscus in a cylindrical tube.
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_:, 5. D_mamic Effects .

So far, we have assumed that static equilibrium conditions prevail at

the time of bubble detachment. If the bubble grows rapidly, dynamic effects

can be important in three ways.

1. If the bubbles leave the aerator as a closely-spaced stream, due

to rapid growth and detachment, they generate liquid motion away from

the aerator in the vicinity of the bubble source. This liquid motion then

tends to sweep newly-formed bubbles off the aerator surface before they

reach their static equilibrium maximum volume.

2. The growth of the bubble itself might generate liquid motion away

from the wall. If the volume changes linearly with time, then the linear

dimensions of the bubble change rapidly at first, more slowly as time

goes on. Therefore in the early stages of bubble growth, the rapid

motion of its top surface away from the wall can generate liquid motion

that then tends to drag the slowly growing bubble in a later stage of

development off the wall.

3. Contact angle in the dynmnie ease is known to be a function of the

velocity of the contact line, and also differs depending on whether the

contact line is moving toward (advancing) or away from (receding) the

gas phase - a phenomenon known as contact angle hysteresis. Investigations

of dynamic contact angles to date have all been concerned with advancing

contact angles, as far as we know, whereas the receding contact angle

is the important one in the case of a growing bubble. The velocity

dependence was demonstrated experimentally in 1962 by Rose and Heinz 14,

who considered flow over a dry surface. The problem was then taken up

by Friz 15, who analyzed the advance of a liquid over a previously-wetted

surface. The numerical results led to the conclusion that contact angle

depends on contact line velocity Uo according to
1/3

tan @= 3.4[_

ko--]

14Rose, W. and R. W. Heinz, "Moving Interfaces and Contact Angle Rate-

Dependency. ,, J. Colloid Sci., Vol. 17, pp. 39-48 (1962)

15Friz, G., "Uber den dynamischen Randwinkel im Fall der vollst_udigen

Benetzung. ,, Zeit fur an_ew. Physik, Vol. 19, pp. 374-378 (1965).
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/_ being the x iscosily. E]lison and Teja(ta 16 tu'rformed a series of

eXl)('l'inlenl,_ in _vhich ]iquicl mlvanced over :1 (Iry surf, tee, :rod (,(m_,]u(l(,d

lhal in ihis t,:_s_, tim data could be correlated by the rel:llion

O A taah (C U,)) ) O Ulo/: ,

A, C, and D being empirical coefficients. The Friz equation was found

to give poor agreement with their results because of the difference in

initial conditions. A set of experiments in which the situation analyzed

by Friz was carefully reproduced was carried out by Coney and Masica 17,

who concluded that the Friz equation "is adequate. " The results are

shown in Figure47; th$ slight trend toward higher contact angles than

predicted was thought to result from experimental error.

In summary, it appears that dynamic effects will result in smaller bubbles

than predicted by static equilibrium considerations, except possibly for a

dynamic contact angle effect in the case of rapidly growing bubbles. Even

here, it is likely that just as advancing contact angles increase with velocity,

receding contact angles should decrease with velocity, which would also result

in smaller bubbles leaving the aerator.

6. Other Effects

In summary, we first considered the static equilibrium of a bubble assuming

the hole to be too small to be a consideration, then looked at the effects of

larger holes, defining essentially three regimes - hole too small to be

significant, hole-dominated, and hole too large to be significant - and finally

proceeded to consideration of dynamic effects. Of the other effects that might

be important, the most significant is the proximity of other bubble sources,

since we have always considered bubbles emanating from single, isolated sources.

Other nearby bubble sources can have at least two effects. By adding to

the vertical fluid motion in the vicinity of the aerator, they tend to reduce the

bubble size still more as bubbles are pulled away from the surface before

16Ellison, A. H. and S. B. Tejada, '[Dynamic Liquid/Solid Contact Angles

._md Films on Contaminated Mercury. " NASA CR 72441, July 1968.

17Coney, T. A. and W. J. Masica, "Effect of Flow Rate on the Dynamic

Contact Angle for Wetting Liquids." NASA TN D-5115, March 1969.
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rom'llitw; II,qr stall(' oquilil)riunl m,lximunl siz(,. ()n Iho otllor ImtxI, if flu'

sources :lrt, v_.:ry c]ose Ih(.,r[, is :1 i_ossibi]iiy of Ind)ldc (;o_(.,scencc, resuJting in

larger I)ullblcs than ptx, dicted.

The potential energy associated with the surface of a free bubble is {r'A,

the product of surface tension and surface area. If two spherical bubbles,each

of radius Rl,coalesce to form one bubble of radius R2, conservation of mass

for the air within the bubble requires

3 3
2,Pl Rl = ,P2R2

and, if we assume the process to be isothermal, the ratio of densities will equal

the ratio of pressures,

,P 2 P2
-- -- : P_ + 2g'/R2

Pl Pa + 2 °'/R1

yielding

R2 = R1 (2 Pa+_l I I/3
Pa 4 2_R 2

The limiting cases, (PaR1/T),._0 and (PaR2/_')-)oD yield the result

1/3 1/2

2 R 1 _ R 2 4 2 R 1

and hence if we compare the initial and final potential energies,

2

P.E. 1 : 2(4TrR 1 )if;, P.E. 2 :: 4ffR22_ • ,

the result is

2 -1/3 _ P'E'2 g 1
P.E. 1

The conclusion is two-fold. First, two bubbles that come into contact

with each other will always tend to coalesce because of the resultant decrease in

potential energy. Second, the resultant bubble will be at least twice the volume

23/2of each original bubble, and perhaps as large as = 2.83 times the volume of

each original bubble.

©

264



I i i i

t)nct, tht, buld,h, ,letnchos fl-om the :u,t':ll,,r mul4":tct., it risl, s through tho pond

at a velocity delx, ndcnt on the size of the bubble. Tho study of bubble rise

velocities was especi.'tlly active in the 1950's, with particularly significant

papers being those of Haberman and Morton 18 (experimental) and Moore 19

(theoretical).

Bubble rise velocity was found to depend on Reynolds and Weber numbers,

R = 2r e U p/_

W =2r e U 2 _/{¢..

and also on a third dimensionless parameter, M, defined as

where

: equivalent bubble radius, r = (3V/41T)1/3
e

r
e

U = terminal velocity

: liquid density

f14 : liquid viscosity

= surface tension

g = gravitational acceleration

A quote from Moore will serve to summarize the Haberman and Morton

results very concisely:

"For low M liquids (M _10 -8) the terminal velocity at first

increases rapidly as r e increases, achieves a maximum and after falling

to a minimum rises gradually again. For high M liquids (M)10-3), the

terminal velocity increases steadily with r e , though the rate of increase

falls off at a fairly well defined value of r e.

18Haberman, W. L. and R. K. Morton, David Taylor Model Basin

Rept. No. 802, 1953.

19Moore, D. W., "The Rise of a Gas Bubble in a Viscous Liquid. "

Fluid Mech., Vol 6, pp. 113-130 (1959).
J.
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"For low Mliquids the shatn_is at first spherical, then increasingly

oblate, then, at about the radius corlx, sponding to the m:uximum velocity,

ihe shape fluctuates rapidly about an oblate form until, for very large

values of r e, i hc bubbles attain a striking umbrella shape which is quite

steady at its frontal surface though the rear of the bubble fluctuates.

These spherical cap bubbles were the subject of an important investi-

gation by Davies and Taylor 20 (1950). For high Mliquids the spherical

cap shape is achieved without the bubble surface ever becoming unsteady.

"For low M liquids the bubble trajectory is at first rectilinear,

then, at about the bubble radius for maximum terminal velocity, both

planar zig-zag and spiral trajectories are observed. Finally, the

spherical cap bubbles rise in very nearly linear trajectories. For

low (sic) M liquids only rectilinear trajectories are observed. ,,21

Figures 48 & 49 show the Haberman and Morton results in terms of the

drag coefficient of the bubbles as a function of Reynolds and Weber numbers,with

M as a parameter. The expression for terminal velocity in terms of drag

coefficient is

U :-,V3 CD

Use of this information to find terminal velocity is of course complicated by the

fact that R and W are defined in terms of this velocity. The present author can

only quote without comment Moore's statement that "it is more illuminating to

consider the drag coefficient C D rather than U... "

These results show the Reynolds number variation is independent of M

except in the range 10 < R _ 103, whereas the Weber number dependence

varies greatly with M in terms of the location, but not shape or slope (in the

log-log plot) of the curves.

Moore's analysis produced the significant result that the drag coefficient

for a spherical bubble is given by

C D = 32/R,

©

20Davies, R. M. and G. I. Taylor, "The Mechanics of Large Bubbles

Rising through Extended Liquids and through Liquids in Tubes." Proc. Roy.
Soc. A, Vol 200, pp. 375-390 (1950).

21Moore, D. W., op. cit.
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lemmm 1. T_ drq ooemclent u • funotion of the ]L_ynold8 number (e_eoduolld fzq0_l_
_m_mms a ]bm, m 105S).

1. Syrup (Bond), .M -- 0"9'_ x 10 t.

2. Olive oil (Arnold), 3! -- 0.716 x 10 -s.

3. _Vater+02% corn syrup, ,I[ ffi 0.155x 10 "4.
• 4. Water+68% corn syrup, ,'t! = 0.212× 10 "4.

5. ]_,linoral oil, .M' = 1'45 x I0 -s.

6. Water+/]0% glycerine (Bryn), M = 1.75x lOt.

7. Water+ 42 0/o glycerine (Bryn), M ffi 4.18x 10 "4.
8. Turpentine. M ffi 24.1x 10 -t*.

9. Water+ 13% ethyl alcohol (Bryn), M = 1.17x 10 4.
I0. Varsol, ._I = 4"3 x I0 -I'.

I I. Cohl water (filtered}, _$I ffi 1.08 x I0 -l..
12.__Iothyl alcohol, ,_! = 0.89 x I0 -w.

13. Water (filtered}, M" = 0.20 x I0 -'w.

L . :,

Figure 48. Moore's presentation of the Haberman and Morton resu/ts:
Reynolds number dependence.
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coefficient u's function of the _Veber number (reproduced from
1953).

Syrup (Bond), 31" = 0-02 × 10'.
Water+68% corn syrup, 3/" = 0"212x l0 -s.
Mineral oil, 3! -- 1.45 × 10 -s.
_Vater-t-56% glycerine (Bryn), M ffi 1.75 x l0 -v.
_Vatcr+ 42 % glycerine (Bryn), M ffi 4"18 x 10-I.
Methyl alcohol, M = 0-89 × 10 -lj.
XVa_r4-13% ethyl alcohol, M --- 1.17 x 104.
Turpentine, _'vI = 24.1 x 10 -t°.
Varsol, M = 4.3 x 10 -1°.
_Vater (filtered), 31 = 0.26 x lO"t°.
Cohl w_ter,3/ = 1-08 x 10 -10.
Water+62% corn syrup, M = 0"155X I0-a.
Olive oil (Arnold), 3[ = 0.716 x 10 -s.

Figure 49. Moore's presentation of the Haberman and Morton results:

Weber number dependence. ©
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subject to the restrictions that R is large :rod W sm_l, and showed that both

conditions can be satisfied in low M liquids. Comparison with the experimental

results showed good agreement except for a slight displacement of the theoretical

curve below experiment'aJ values.

Extension of tile theory to non-spherical I)ubi)les was _dso treated by

Moore, but the results were less conclusive ,_nd arc felt to be beyond the scope

of the present discussion,

The expression C D = 32/R can be solved for U, giving

2
U = pgre

which gives, for water at 20°C,

2
U : 1.63 r meters/second,

e

ifr is inmm.
e
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1. I,'l_w Ratc,_ and Sizing oi ScvtlbbCL'S

The performance of a gas scrubbing operation involving only solution of a

contmninant with no chemical reaction is limited by the equilibrium relation between

the contaminated gas and the contaminated scrubbing liquid.

For scrubbing gases, the operating lines and initial and final points are

constrained to lie on the side of the equilibrium line on which the contaminant

concentration in the gas is greater than equilibrium concentration at any given

concentration of contaminant in liquid. The slope of the operating line on a gas

phase concentration vs. liquid phase concentration curve is given by the ratio of

liquid flow rate (moles/area/time)to gas flow rate. Thus if the equilibrium curve

is known, mud the flow rate and degree of contamination of the entering gas is known,

and the permissible degree of contamination of the leaving gas is given, the

n_inimmu liquid flow rate (liquid flow rate for an infinitely long scrubber) can be

found 1 .

The foregoing ol)tains for cocurrent as well as countercurrent flow-scrubbers,

though we are here primarily concerned with the latter. The schematic diagram

(Figure 50 ) shows an exan_ple of an equilibrium curve and an operating curve for a

countercurrent scrubber. Crudely speaking, the length of a scrubber is inversely

proportional to the distance between the equilibrium and operating lines. It is

conventional that the equilibrium and operating lines be approximately parallel, as

the equilibrium line permits. With the equilibrium line known, the gas flow rate and

gas initial contamination co_mentration also known, and with the outlet gas contami-

nation specified, the operating line for an infinitely long scrubber will be the straight

line passing through the specified concentration points, tangent at one or more points

to the equilibrium line, and elsewhere above the equilibrium line. Since the operating

line and the gas flow rate are known, and the line's slope is the ratio of liquid and gas

flow rates, the minimum liquid flow rate is determined. For a finite-length scrubber,

the liquid flow rate is necessarily greater than for an infinitely long scrubber.

O

1Calvert, Seymour, "Source Control by Liquid Scrubbing. " Ch. 46 in AiR

POLLUTION, Vol. III, ed. by Arthur Stern, Academic Press, New York, 1968.
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Note that the opct.'ating li nc is restriete(I
to lit, :ll_ov¢, thv c_iuilibrium line. Conl:_,t

of Iht, two iim,s implies an iufinito!\ long
sct'ubl_er so.el.ion at the coneenl ration

t-egi,)n o1" cont:.'t.

f-lnitial Gas Phase Concentration

(Presumed Known)

Yf

Operating Line ......

t.

%G (_..Equilibrium Line

-(Presumed Knowm

[.'inal Gas Phase

-Concentration

(Independent but subject
to some limitation of

range)

-- Slope - L/(] (t(_ be

determined)

/L : Liquid Mole Fl()w _

Rate

G --Gas Mole Flox_
Rate

X
O

Initial Liquid Phase
Concentration (0)
(Corresponds to pure

water)

X
Xf Liquid Phase

C onc ent ration

Figure 50. Typical scrubber performance chart.
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Equilibrium curves for air and water contaminated with N2H4, CH31_-INH:2,(")
(MMH) and Nee, at room lempeYalure, arc presented in Figure 51.

The e,)m'enl ration of m)xi(,us )Z:tscs immediately over a solution is pro-

i)orlion_d to the vapor prt, sSUl'O of Iho liquid. The vapor pressure e:ln be esiim:tted

from Raotdt's law which st:des that the partial vapor pressure of any constituent of

a solution is equal to the vapor pressure of the pure substance multiplied by the

mole fraction of that constituent in solution. Figures-52, 53 and 54 show the partial

pressures in air for mixtures of the various propellants with water as calculated

using Raoult's law, and also the vapor pressure for the solution. (This latter

function varies linearly from the vapor pressure of pure water, onthe left side,

to the vapor pressure of pure propellant on the right side.)

Once the vapor pressure is calculated, the number of moles of each gas per

liter can be approximated by the ideal gas law. (1 atm at 25°C was chosen). The

weights of the gases are calculated arid the weight concentrations can be found. The

concentration of the vapor in air is a function of the concentration of the contaminant

in water.

For HNO 3, ('_

wt conc in air_*_.05 (wt conc in water), wt conc in water _.1

For MMB,

wt conc in air .,_. 01 (wt cone in water), wt conc in water <. 1

For N2H 4,

_¢ conc in air_. 025 (wt conc in water), wt conc in water _.1
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Figure 52. Vapor pressures of HNO3/H20 mixtures ©
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2. Description of Cotmtercurrent Scrubbers

In the countercurrent packed scrubber, the gas stream moves ui,ward in a

direction opposite the liquid stream which is moving downward through a packed

bed (Figure 55). This method provides intimate contact between the liquid and

gas stremus within the packed beds and gives best results when the :_crubber is

operated at the maximum allowable pressure drop. At high pressure drops

maximum turbulence is obtained, enhancing the quick absorption of the gaseous

contamin,-mts in the liquid sire:tin.

A significant advantage of countcrcurrent flow is that the gas stream, rich in

cont,'uninants, comes into contact with the spent liquor at the bottom of the packed

beds, while the fresh liquid coming in at the top of the scrubber is in contact with

the least contaminated gas. This characteristic provides a fairly constant

potential throughout the packed bed for driving the gaseous contaminants into

the scrubbing liquid. There is also less chance that the dissolved gases will be

stripped from the liquid.

Countercurrent flow scrubbers are more expensive to opbrate because of the

high liquid consumption and high pressure drop. Since this design handles the

tougher problem of removing gases, the higher cost of operation is balanced by
1

the highly efficient absorption capability of removing gases with low solubility.

A detailed presentation of the calculations involved in establishing

scrubber size in terms of incoming and outgoing mole fractions of contaminant

in the liquid and gas streams, ._nd total contaminant quantities, is found in the

chapter by Seymour Calvert cited previously. Among the concerns are contact

surface area, packing density, number of transfer units, height and cross-sectional

area of the tower. Packing density is the ratio of total surface area to volume

for the packing. For example, one inch Raschig rings have a packing density

of 55 ft -I.

'i

1Ceilcote, "Countercurrent Flow Scrubbers".

February, 1974.
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V. I'I_ECII'I'I'ATIONOF FLt!OI{IDE I,'ROM DILUTED IRFNA SOI,UTION

OBJECTIVE: To determine how much fluoride cm_ be removed from a diluted IRFNA

solution by treating with a soluble calcium salt.

1. Introduction

IRFNA contains approximately 0.7% HF as a decomposition inhibitor. Fluoride

is a highly toxic substance and its disposal into water streams (as occurs in the

event of treating wastes) must be controlled to low limits set by the E. P. A. The

solubility of calcimn fluoride is given as 17 ppm. Theoretically,, it should be

possible to reduce the excess CaF 2 in solution to perhaps the 30-50 ppm level under

suitable conditions. With this in mind the following procedure was tried.

2. Procedure

The IRFNA, as obtained from KSC, was diluted to a working solution :_pproxi-

mating 2.2 to 2.6Ci nitrate and about 200 ppm fluoride levels. Na2CO 3 was added

to obtain a ptl usually between 9.5 and 9.8. A solution of soluble calcium s_t, as

CaC 12 or Ca(OH)2, was added in excess to provide the Ca++ion in at least 2 to 5

times the stoichiometrie quantity required for precipitating the contained fluoride

ion. After standing from 1 to 24 hours to allow reaction or crystallization of'CaF 2,

the treated solution was filtered through n millipore apparatus using a 0.45 micron

pore size filter. Analyses were performed on original and filtered solutions for

NO 3 and F-. The results of the 5 tests performed are discussed below.

3. Results

The results in Table XXXVII show that in the 5 runs made, the amount of

fluoride removed was 4b _ in the best case and only 27_ in the worst case. An

average oi" the 5 percentages is 2S_7i_.

This is a poor showing, since the working solution contained about 200 ppm

fluoride. With one third removed, the filtrate contained two thirds of the original

amotmi, or about- 100 to 150 ppm. If the solubility of CaF 2 is 17 ppm {in pure water)

that figure is six to nine times greater than its solubility indicates.

4. Discussion

The poor results may be attributed to non-optimum conditions.

is realized that NO 3 interference may be contributing greatly. CaF 2

Further, it

is slightly

Also see Appendix D
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soluble in acid, particularly in HNO3 which is a very good solubilizing agent. A
much more dilute solution may have been more effective for fluoride removnl. "i'h¢,

_,ol,tcenlr:ltioll of HNO., ill the rims was from '_ :2f!_,to o .,v.... I,_,.: p'cl"h:_ps su|'fit:it,nl l(*
0}

m'eounl Ior lhe low l,re_'il)il.atlon o[ Ca I,'o-

!1 was decided, al lhis point, Io discontinue .'uhlilional labm'ntor.v work on lifts

lask and devole the efforl Io other tasks (rel)orted herein) that were deemed Io be

more significant. Therefore, no gravity settling studies or tests under different

conditions were performed°

5. Conclusions

On the basis of the above results, it was concluded that satisfactory removal of

fluoride in a 2.2 to 2.6% NO 3 solution was not obtained by the method employed.

Run

#

TABLE Y.XXVII

Data on Removal of Fluoride from Diluted IRFNA

o

Initial Final

C oncent ration Fluoride %

Nitrate Fluoride Concentration Fluoride

ppm ppm ppm Removed

pH

1 205 150 27 9.8

Comments

O

,) 26,400 195 115 40 9.7

3 26,400 150 80 46 9.7 Best result

.t 22,000 170 105 38 9.5

26, 40O 205 125 39 7.2

Average ,,,38% fluoride removed
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VI. FL-ME HC)OD DESIGN CONSIDERATIONS

1. Introduction

Certain parts of tile space shuttle will contain residual fuel ,'fft(,r each fli:,/hl.

l,'or mainiemmce these parts must be taken apart. Disassembly must be done such

that persolmel exposure to the hypergolic fuel (liquid and vapors) will be kept within

tolerable limits.

A technique which will be used is to disassemble the part in a fume hood.

A fan in the hood creates air flow, which carries the vapor away from the technici,-m

and vents it into the atmosphere or a scrubber. The hood also protects personnel

from spills and splashes.

2. Calculatin{_ the Evaporation Rate

The hood considered for purposes of calculation of the evaporation rate has

a table area of 12 8.'luare feet (3ft x 4 ft), an air flow rate of 6000 cubic feet per

minute and an air velocity of 1000 feet per minute over the table. The evaporation

rate was considered for the worst possible case - the fuel covering the entire table

of the hood (12 ft2).

An empirical formula for water was used in lieu of specific information

concerning the evaporation rates of the hypergolic propellants:

(e_ - e) (Marks Mechanical Engineering Handbook)

rate of evaporation in lbs/hr ft 2

\: = Velocity in ft/min

e -= Vapor pressure of liquid, as a function of temperature, in inches
of mercury

e = Vapor pressure of substance in the incoming air in inches of

-mercury

Letting V = 1000 ft/min (5.08 m/see, or 11.36 miles per hour) and e :: 0

w = .093 (1 +_)

whe re

gives the result

e ,
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Using this equation, the following maximum evaporation rates were calculated

for various hypergolic propellants at 10°C and 20°C. The 20°C temperature is for

evaporation at ambient temperature, the lower temperature is an estimate to

;recount for ovaporativo cooling of the spill.

10°C 20°C

N2II 4 1.8 lbs/hr 2.88 lbs/hr

MMH 1.8 lbs/hr 7.2 Ibs/hr

N20 4 140 lbs/hr 180 lbs/hr

II20 2 .45 lb/hr .54 lb/hr

Those qu,'mtities would be mLxed with 28,000 pounds per laour of air resulting

in the following e(mcentrations(by weight) in parts per million.

10oc 20oc

N2H 4 64.5 100

MMH 64.5 358

N20 2 5000 6450

I1202, 16.1 19.3

3. Effluent Scrubbing

The question of the treatment of effluent air from hypergolic fuel fume hoods

has been considered ,and the results are summarized in Figures 56 and57. Results

indicate that it would be satisfactory under most conditions to simply vent effluent

from a hood fllrough a 10:1 air mixing section into the atmosphere. A scrubber

may well be used, but should not be considered a necessity.

The calculation upon which the conclusion is based is relatively conservative

in that a flooded hood table is asstmmd, a rather high flow speed (1000 ft/min) over

the hood table is assumed, and UDMH (with a relatively low boiling point and high

vapor pressure) is considered.

O
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SMALL PARTS tL_NDLING ltOODS

APPROPRIATE FOR'EITIIER ttYDIL_ZINES OR FOR N2_(_

& NO 2 IN MODERATE QUANTITIES.

(15-20) D

-_--MIXING STAC K

____ -'_--- C E NTRI FUGA L FAN

L_
2_

1000 P. P.M.--1 / 3
I
I

E. E. L.

HOOD

6,000 FT. 3/ MIN.-_
:- AIR

*

500#/MIN. ,

• 5#/MIN. CONTAMINANT

WORST CASE - UDMH

Figure 56. Fume hood with air mixing section.
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WORSTCASE EXAMPLE

; f

UDMH SATURATED MASS FRACTI()N \_ ,"N 2 ;\2",_, S. T. P.

.358 (O'rlIER IIYDliAZINES [L)WEII_ E\.AI)ORATI(IN
()1.' IIDMII FROM FLO(ll)EI) tl()()l) 'I'ABI,E

l ] EXHA liST T()

AT M()S PIlE RE

I
........ --t--500 LBS./MIN. AIR

I
I

!

I

C ONT A MINA NT

• 015 LBS./MIN.

SCRUBBER

DEEP FLUIDIZED

BED, COUNTERFLOW
6,000 "_/MIN.

(30 PPM)t'DM

I

.... __4-(;, 000 FT. 3/MIN. AlIl
-u500 LBS./MIN. AIR

(t)IXTI'A MINANT

_X. 5 LBS./MIN. HIGH TYPICAL

liOOl_
6,000 FT.O/MIN.

(TYPICAL)

Figure 57. Fume hood with scrubber.
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WASTE HANDLING AND FACILITY LOCATION CONSIDERATIONS

SOURCES OF, AND DISPOSAL SITES FOR, SPACE SHUTTLE HYPERGOLIC
PROPELLANT WASTES

1. Introduction

In general, holding ponds and reaction ponds are recommended for

contaminant disposal in preference to burners - flare burners or sudden

expansion burners. The holding ponds are generally cheaper than burners,

do not require the atLxiliary fuel which burners need, and they are quieter,

easier to operate, operate at lower temperature, and require less frequent

monitoring and attendance.

On the other hand, ponds probably can accept only liquids, so that

scrubbers are required for vapors - see Section VI of the portion of this

report on "Alternative Disposal Concepts, " however, for an investigation of

direct vapor phase addition of N204 to holding ponds. Ponds require more

space, and often result in Icnger-term rather than immediate disposal. Again,

however, some of our work reported in earlier sections has been concerned

with wa.vs'tff obtaining faster decomposition in holding ponds.

While holding ponds are less portable than burners, this disadvantage is

probably not serious except in the case of the contingency landing site. The

tools to carve a holding pond are usually close at hand, and lining material can

be moved in easily and assembled. Combustors would still have their place

where disposal action needs to be initiated as quickly as possible and completed

as soon as possible.

2. Launch Site

During the fueling operation approximately 480 gallons of nitrogen tetroxide

and substantial MMH might be vented into the air and an undetermined quantity

might be spilled. The liquid can be removed from the contaminated area by

flushing the surface with water or by evaporation. The vapors can be removed from

the vent gas by scrubbing. Scrubbing removes noxious gases from the air stream

by a gas absorption process. This process involves the transfer of the vapor from
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the gas phase into a liquid in which it is soluble. This process is dependent on the

solubility of the gas in the liquid and the intimate contact the gas makes with

the liquid.

Another method for recovering the N_O 4 vapors is recondensation.

Recondensation involves cooling a mixture of gases below the dew point of the

constituent to be removed and collecting the condensed liquid in a suitable

container. The part (or percentage) of the contaminant which is removed by

recondensation depends on the temperature that the mixture c,'m be cooled to,

as well as the constituents of the mkxture itself, and can be quite small. The

use of recomtensation to recover vaporized fuel awaits further development.

Once the wastes have been collected they must be transferred to a

disposal site about 1000 feet away. Since the scrubbers, if used at the launch

site, would be located 50 feet above the surrounding ground level, gravity may

be used to transport the liquid from the scrubber. The distances involved do

permit a drop/run ratio of 1/20 in the drainage system and two 6 inch pipes may

prove to be appropriate for the flow rates from scrubbers.

The proposed disposal site is located approximately 1000 feet south of the

center of the launch pad (Figure 58). The 1000 feet gives an ample downwind

clearance at all points on the pad and is outside the 700 foot downwind safety

perimeter of the two existing fuel bunkers. Its position near the proposed

storage tanks leaves room immediately north of the pad for further development

without vapors from the ponds creating a potential safety hazard.

There are several types t)f ponds proposed. In an oxidation pond, the

fuels are allowed to react with dissolved oxygen with the help of bacteria

according to the equations:

bacteria
Hvdrazine (1) 2N2H 4 _ _ 0 2 - . :-N 2 + 2NH 3 + H20• atr

(2) N2H4. + O2---_2H20 + N 2
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MMH (1) (CH3) N2H 3 _- O2,-D 2NH 3 + CO 2 _ (CH 4) _"

(2) (CH3) N2H 3 + 2.5 O2---_CO 2 _ 3H20 _ N 2 (+CH 4)

A neutralizing pond is where the oxidizer, N204, reacts with calcium

carbonate in an aqueous solution according to the following reactions:

N204 + H20---bHNO 2 + HNO 3

HNO 2 + CaCO3----_ H2CO 3 + Ca(NO2) 2

HNO 3 + CaCO 3_H2CO 3 + Ca(NO3) 2

H2CO 3 _CO 2 + H20

or, indeed, where any of the propellants reacts with any sort of neutralizing

reagent, as described in the portion of this report on "Evaluation of Current

Disposal Concepts. "

A reaction pond is where the fuel and oxidizer are allowed to mix and

react; for example:

ilydrazine N2H 4 + N204.--_N 2 + 2NO + 2H20

MMH (CH3)N2H3 + 2N204--_3/2N2 + 3NO - CO 2 * H20

Since more NO2or N204 is expected to be emitted from the fueling process than
,

MMH, it is expected that collected MMH emissions will be insufficient to

neutralize collected NO 2 emissions and another neutralizer such as CaCO 3

will have to be used in the holding pond at the launch area.

As a result of its higher vapor pressure.
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3. Orbiter Processing Facility

At the end of each flight the shuttle will be disassembled at the orbiter
4,

processing facility. At the O.P.F. large quantities of concentrated and dilute

propellants will have to be dealt with. Two scrubbers at the O. P. F. with an

air flow rate of 40,000 ft3/min and a liquid flow rate of 600 GPM will produce

effluent at the rate of 2. 8 ft3/sec. If t_his effluent is to be piped to a pond,

two pipes 8 inches in diameter, each fitted with a 1.5 Hp pump,may be a suitable

combination to transport the liquid. The residual fuel may be collected in a

tank truck or drums. - °

The location of the proposed pond is about 2000 feet west of the O. P. F.

(Figure 59). Thfs.pQstti_Lg,ives a safety perimeter of more than 700 feet
/7 -_.

from the O. PyF., V.A.B. and'_l_er nearby facilities as well as the highway.
2 /f _,_. "

4. Hype ,r_olic Maintenance F a=cility _ ",

_ "4 it_ rnan_ sm_dlAt_e hypergolic facial parts from the shuttlemai

containi_ small quantities _f hypergollc fu{]ls will be cleaned and repaired.

These pa_ts w_be dls_em__mter_ and the air stream from the

hood maybe _'" / r.-._.-_r-_ -_scr__) rem_v_ __ If done, this will create small
-! f |quantitie_ of diluted Ls. "
l

At_e. hype_lic maintenance failit_ four hoods with an air flow rate

_r

0_ 2 ft /sec is assumed for purposesof 6000 ftv._n'_.and a liquid flow _rate 3

of estimation:_ The total rate of liquid ;discharge for the four hoods ts 0.8

ft3/sec. \ ..... .. ...... "

Once these wastes are collected, they must be transported to a holding

pond about 200 feet or more away from t l_e, scru/bbers (Figures 60 and 61). This

may be done by piping the effluent to the'pond. Since only 5 feet of head is

created due to the difference in liquid height a pump may be required to supply

a sufficient head to overcome the friction head i_ _ 5 inch pipe. A larger pipe

with appropriate traps may be used in lieu of the 5 inch pipe and pumps.

Since small quantities of diluted hypergolic fuels will have to be disposed the
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safety perimeter can be less than 700 feet. The diluted fuel can be piped to

a pond 200 feet east of the hypergolic maintenance facility provided the pond

is lined with a suitable material. A holding pond may also be constructed

200 feet west of the hypergolic maintenance facility.

5. End of Runway

If a shuttle should be leaking fuel upon landing It may be desirable to

dump the fuel as near the landing site as possible, rather than tow the vehicle

to the O. P.F. The fuel may be transferred into a tank or pumped to a nearby

pond (Figure 62. )
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B, l{OU(lil C()S'I' ioISTIMA'I'I,;S I,'()1{ TI{ANSI)ORTATION OF HYI-)Ei{(IOI,IC
WAb'I.'I,]S I,'I1OM COI,IA,;CTION TO DISPOtIAL SITES

1. Introduction

At the launch site vapors from the hypergolic propellants are vented at the

rate of 3 gal/min during the loading operation. It may be necessary to remove

these vapors from the air by scrubbing. Scrubbing produces a fuel plus water

solution which must be treated at a holding pond or elsewhere. Any fuel spills

which occur must be washed with water or other solvents which produces an

effluent that must be transported to a holding pond for treatment.

At the landing site residual fuels must be disposed of before the shuttle

is taken to the O. P. F., which means transporting the propellants from the

shuttle to a treatment facility.

Several means of transporting the propellants are considered.

2. Transporting the Effluent in Drums

One method considered is to transport the waste in 55 gallon drums or

a tank truck. At the landing site small quantities of concentrated fuels will

have to be dealt with. If the hypergolic fuel vented in the transfer from the

shuttle to the drum or tank truck can be kept within tolerable limits, the use

of stainless steel drums may be the most economical method of transporting

the propellants.

3. Some Initial Cost Estimates for Transporting Fuel From the Landing Site
to the Holding Pond.

a. Using Stainless Steel Drums and a Truck

30-55gal. S.S. drums @ $208 each

1 truck = fiat bed @ $5000 each

- $6000

-

$11000
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Using 1000 gal. Stainless Stool Tank Truck

1 1000 gel tank t. _ ""'" - $223O

1 truck Ot $3500 - _3500
$573,)

Using 3000 gal. Stainless Steel Tank Truck

1 - 3000 gal tank @ $6800 - $6800

1 truck @ $5000 -
$11soo

4. Pumping the Effluent

To transport the water-fuel solution from the launch pad to the holding

pond the pump must overcome the pressure head plus the friction head. For

calculation purposes it was assmned that the flow rate of liquid from the

scrubber was 1.33 ft3/ sec (600 gpm), the head 10 feet and the pipe 1000

feet hmg and relatively straight. Various diameters of pipe were chosen and

the loss of head per 1000 feet of pipe was found on a pipe-flow diagram. By

knowing the loss in head the horse power needed to pipe the liquid was

calculated by the following equation:

H = 1.48 + .148X
P

whore X is the loss of head in feet. The pipe diameters with the corresponding

friction heads and required pumping horsepower are as follows:

Diameter of Pipe Friction Head Horsepower Required

3 inches 800 feet 118

6 inches 35 feet 5.2

9 inches 5 feet 3.25

12 inches 1 foot 1.62

These estimates are made for the very high flow rate that was assumed.

The flow rate was based on a requirement for 99% removal of NO 2 from an air

stream containing small amounts of NO 2 initially; for many applications, much

smaller flow rates are anticipated.

O

O

296



C
Flow rntt, s In hleli_g silt, st:i-illilx, rs hi,t, I_ii_(_| on lilt, ._tC:lll_-_lnll,

a._suinption; ltssunlption of the tns¢: of slllglo-p:i_s t't)Un|Cl'CtlrFCni SC t'tlllltt' I'S ;

a contaminant loss rate of 3 GPM; contamimmt weight fr:lction content r:_lion

in the outlet gas just below the 1 hour E. E. L. - 10 ppm for MMtt and 7 t)pm

for NO2; and a 99% contaminant removal in the scrubber.

It follows that the weight fraction of NO 2 in the scrubber inlet gas is

7 x 10 -4 and of MMH is 10 -3. At equilibrium (implying a scrubber of infinite

length), from the equilibrium curves of Section III. C. 1, the weight fraction

of HNO 3 in the water outlet of the scrubber is 2 x 10 -2 and of the MMH at the

scrubber water outlet is 10 -1. A 3GPM flow of N20 4 implies 34 lbs/min

while a 3 GPM flow of IVl/vlll

implies a 22 Ibs/min flow. Thus the minimum water flow rates under these

conditions in infinitely long scrubbers are (34/2x10 -2) Ibs/min or 215 GlUM

in the NO 2 scrubber, and (22/10 -1) Ibs/min or 28 GPM in the MMH scrubber.

These flow rates would increase substantially to provide the transport

potential necessary in a finite length scrubber.

Although stainless steel might be required for pipes carrTing these

propellants at the launch site, it may be feasible in some applications to use

a cheaper material that is resistant to diluted fuels, such as polyethylene or

P. V.C.

5. Some Initial Cost Estimates for Transporting Fuel from the Launch Pad
to the Holding Pond

a. Stainless Steel Pipe -

9 inches in diameter 3/16 inch thick, at $38 per foot, will cost $38,000
per 1000 feet.

b. Cast Iron Pipe -

9 inches in diameter, 1/2 inch thick, at $25 per foot, will cost $25,000
per 1000 feet.

c. Excavation

2 - 3 feet deep, at $1.50 per foot, will cost $1500 per 1000 feet.

8 - 12 feet deep at $10 per foot, will cost $10,000 per 100 feet.

d. Stainless Steel Drums

55 gal.,23 inches in dia. by 35 inches high at $208 per drum, will cost
$47,500 for 227 drums.
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C! DUMPING OF HYPERGOLIC PROPE LLANTS FROM DRUM
TYPE CONTAINERS

•:. J

1. Description of Dumper

A commercially available dumping device (Figure 63) such as manufactured

by the IIERCULES INDUSTRIES CO., their Catalog No. HI-110, or equivalent,

is recommended. The dumper can handle various size drums up to 24 inches

in diameter and has a lifting capacity of 750 lbs. The drum is securely clamped

into a concave cradle and swung through an arc of 135 degrees, stopping at an

angle of 45 degrees above horizontal. The dumper is powered by ,'m explosion

proof electric motor and a hydraulic cylinder. It can be modified for remote

control by installing an additional motor control switch, and extending the

needle valve control using a flexible shaft to the remote site. List price of

the dumper is $1125.00

2. Description ef Drums

Drums should be the end opening type, one large tapped hole near the

edge for filling and emptying and one small tapped hole diametrically opposite

for air venting. Both holes should have manually operated valves in closed

posit ion.

3. Loading Drums into Dumper

Loading a full 55 gallon drum will require a hoisting device and a

Grizzly No. 235 Vertical Drum Lifter (Figure 64). The drum is placed in the

dumper with the large valve forward and clamped securely with the adjustable

hold-down clamps.

4. Dumping Operation

To prevent wind-borne spray and vapor escape during the dumping operation,

a stainless steel flexible hose is attached to the large valve on the drum and the

other end of the hose placed in the disposal facility (Figure 65). Both valves

are then opened. All personnel should be cleared from the area and the dumping

O
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• PORTABLE OR STATIONARY MODELS

• HANDLES EITHER STEEL OR FIBRE CON-

TAINERS -- UP TO 24" IN DIAMETER

i750. 1000 AND 1500 POUND STANDARD

CAPACITIES, INCREASED CAPACITIES
AVAILABLE

l SERVICES HEIGHTS FROM 36" TO 60"

J ._

O 3/16" STEEL CONCAVE DUMPING CHUTE O MANUAL NEEDLE VALVE LOWERING

ADJUSTABLE HOLD-DOWN CLAMPS

ELECTRIC MOTOR AND HYDRAULIC PUMP
UNIT

O DUMPING LIFT CYLINDER AND CHROME --
PLATED RAMS

O PUSH BUTTON CONTROLS

FLANGE-MOUNTED PILLOW BLOCK BEAR-
INGS

(_ 3/16" STEEL SIDE PLATES

6" DIAMETER LOAD WHEELS AND CASTERSON PORTABLE MODELS

O SCREW-DOWN LOCKS ON PORTABLE MOD-ELS

Figure 63. The Hercules dumper.
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controlled from a site at least 10 ft. remote. Actual flow ot the liquid into

the hose does not start until the drum is swung approximately 30 degrees from

vertical. At this point accurate and sensitive control of the swing velocity

should be maintained to ensure the level of the liquid does not rise so fast as

to flow out of the air intake vent.

A means of controlling the slaek in the hose induced by the swinging

action of the drum can best be determined by trial. Should it prove impractical

to maintain accurate and sensitive control of the swing velocity, an alternate

method to prevent leakage from the air vent is possible by attaching a mast

to a stationary portion of the dumper and extending a flexible hose from the

air vent on the dumper to the top of the mast. The highest point of the hose

should be higher than the highest point of the drum at full dump position.

¸..¸/

©
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VIII. ASPECTS OF DISPOSAL AT CONTINGENCY LANDING SITES

1. Introduction

If the shuttle should be forced to make an emergency landing at a

contingent landing site that does not have the prope r facilities to dispose

of the fuels, the problem arises as to how these propellants can be disposed

of safely, economically, and in an ecologically safe way. Up to 30,500 Kg (8000

gal) of hydrazine and 42,000 Kg (8000 gal) of nitrogen tetroxide could be on

board the shuttle when it lands. Many different means of resolving the

problem are available; here a few will be considered.

2. Disposal Methods

a. Using a Flare Burner to Dispose of Nitrogen Tetroxide

The flare burner is used to dispose of nitrogen tetroxide by igniting a

The stoichiometric equationmixture of N204 vapors and hydrocarbon fuels.

for this reaction (propane assumed) is:

5N20 4 + 2C3H 8_ 6CO 2 + 8H20 + 5N 2

Satisfactory operation can be obtained at over-stoichiometric conditions

(fuel-rich).

A weight ratio of propane to N20 4 which is a little less than. 45 results

in less than 200 parts per million NO production (1). To dispose of 42,000 Kg

(92,400 lbs) of N20 4 would require 18,900 Kg (41,600 lbs) of propane. Such

flare burners could be fired by other hydrocarbon fuels. The flare burner has

a fuel flow rate of. 076 Kg/sec (10 lbs/min) and would require about 6 days

to get rid of the nitrogen tetroxide.

b. Disposing of N2H 4 by Bubbling Air Through a Water-Fuel Mixture or by

Destroying it in a Sudden Expansion (SUE) Burner.

At the contingent landing site a SUE burner or an aerated holding pond

may be used to destroy the hydrazine. In the holding pond air oxidation and

Isee page 113.
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bacterial action slowl.v convert h vdrazinc into nitrogen, ammonia and u ater.

Aeration by bubbling air through the fuel-_vater solution x_ill accelerate the

decomposition b.v making oxygen readily available to the hydrazine. The use

of copper sulfate as a catalyst will further speed the decomposition; see

Section III. A. above. The holding pond would probably have to be built

on the spot,-when needed, to a standard design. It is possible that a portable

unit-perhaps in sections - could be designed.

An alternate method of disposing hydrazine would be to use a SUE

burner. It can incinerate hydrazine at the rate of. 146 litor/sec (140 gal/

hr), taking about 57 hours to burn 30,500 Kg (8000 gal) of hydrazine. The

SUE incinerator renders the hydrazine into environmentally safe products

according to the reaction.

N2H 4 + C3H 8 + 60 2 + 6(3.76)N2--4_6(7.76)N 2 ÷ CO 2 _ 6H20

40 2 +(traces of H2 4- NO x ÷ CO + N2H 4 + HC _ NH 3)

c. Mixing Fuel and Oxidizer Stoichiometrically in a Holding Pond

An advantageous alternative to using the flare burner to dispose of

N20 4 and the holding pond or SUE burner to dispose of the hydrazine would

be to mLx both the N20 4 and the hydrazine in a holding pond of suitable size.

In the holding pond tlm fuel and oxidizer can be mixed in the proper ratios to

neutralize one another. The chemical reaction is exothermic and the

temperature of the pond will increase.

To accommodate the amounl of fuel on the shuttle, while keeping the pond

within 30°C of ambient temperature would require 2820 cubic meters (8.9 x

105 gal) of water (see Section II.A. above). This process is relatively safe,

the products of the reaction evolving as harmless gases. A possible problem

is that N20 4 boils at 21°C (71°F) at sea level, and still lower temperature

at higher elevations, making it difficult to dispose of if the temperature of the

pond is greater than this boiling point. Two possible solutions would be pre-

dilution in cold water then releasing it into the holding pond, or slowly

releasing the N20 4 from the bottom of the fuel rich pond and allowing it to
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react with the fuel as it bubbles to the surface. If the pond is deep enough,

hydrostatic pressure will help to prevent vapor formation. Roughly speaking,

the boiling point of N204 increases one degree Fahrenheit for each foot of

pond depth, at t;S°l .'.

d. Evaluation

The disadvantage of the flare burner is that it requires large quantities

of hydrocarbon fuels to destroy the N20 4. Since about 19,000 Kg (42,000

lbs) of propane would be needed to dispose of the N20 4 on the shuttle and since

the price of fuels is increasing, the cost of disposing N20 4 by this method may

be exorbitant. The combustion of the flare burner must be carefully monitored

because operating it in an oxidizer rich mode will result in the emission of

hot NO and NO 2 gases. If the flare burner is used, a method to dispose of

the hydrazine must be used in conjunction with the flare burner.

The hydrazine could be decomposed (air oxidation) in a holding pond, or

neutralized with the N20 4 or it could be destroyed in a SUE burner. One

disadvantage of using a holding pond is the lack of portability; it might have

to be constructed wherever the shuttle would land. The holding pond could

take several days to construct. It would be used only once, which would make

this method economically questionable. On the other hand, it is possible th,qt

an air transportable holding pond, perhaps using stainless steel or plastic

modules, could be designed.

The SUE burner would have the portability but it also requires a

supplementary fuel.
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A I"I_ENI)IX A

VAPOR PRESSURE AND DISSOCIATION CURVES

These curves are plots of the empirical equations presented in Section II. A
of the portion of the report on "Alternative Disposal Concepts. "

Figure A- 1:

Figure A-2:

Figure A-3:

Vapor Pressures of N2H 4, MMH, and UDMH

Vapor Pressure of N204 - NO 2

Dissociation of N204

::3
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Liquid-vapor saturation curves for hydrazine fuels
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APPENDIX B

MONOMETHYL HYDRAZINE (MMH) ASSAY

(I)

(2)

p-Dimethylaminobenzaldehyde (DAB) solution

Must be prepared fresh each day

2.0g. DAB, 90 ml. Methanol, and

10 ml. of concentrated HC l

Standard MMH Solution

1.00g. MMH is diluted to 1.0 liter with

H20 - stock solution

1 ml. of above stock solution is diluted with H20 to 100 ml. -

working solution

Procedure - Standard Curve .-

Into six 10 ml. volumetric flasks, pipet 5 ml. DAB reagent. In order,

pipet 1, 2, 3, 4, 5 ml. of working MMH staudard and to the sixth flask

add 5 ml. H20 (reagent blank).

Dilute these solutions as needed to 10 ml. with H20, mix well and let

stand 30 minutes. Determine absorbance on a suitable spectrophotometer

at 485 mm.

©

For sample determination, prepare appropriate dilution to obtain a final

concentration in 10 ml. flask of 1.5 micrograms/ml. Use 5 ml. of this

solution and 5 ml. of the DAB solution.
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I. SCRUBBING OF NO'I'IIOGI':N'FETROXIDE _

A. Theoretical Considerations

Dinitrogen Tetroxide (N204) is the oxidizer of choice in the Shuttle

program. N20 4 and nitrogen dioxide (NO2) always exist as mixtures which

reach equilibrium rapidly. The relative proportion of each is determined

by concentration and temperature, with high temperature and low concentra-

tion favoring the formation of NO 2 at the expense of N204. Scrubbing of

NO 2 - N204 presents formidable problems because of the low solubility of

these agents in water and also because NO is formed during the absorption

of NO 2 and N204 in water according to the following equation:

3 NO 2 (or 3/2 N204) + H20_ 2HNO 3 + NO

As nitric oxide is only sparingly soluble in water, oxidation to NO 2 must

take place in the gas phase before significant absorption of the evolved nitric

oxide can occur whenever more than a few p.p.m, of NO 2 are being absorbed.

The oxidation of NO (the rate controlling step in the absorption of low con-

centrations of nitrogen oxides) is concentration dependent as seen in Table C-I,

which shows the time required for half the NO present in air at various con-

centrations to be oxidized to NO 2 at standard temperature• and pressure.

i

TABLE C-I

OXIDATION RATE OF NO IN AIR

NO conc. Time for half NO
in air, to be oxidized

ppm to NO 2, min

20,000 .175
10,000 .35

1,000 3.5
100 35

10 350 (5. 84 hr)
1 3500 (58.4 hr)

Whereas it takes 10 seconds for half the NO to be oxidized to NO 2 when

the concentration is 2% by volume in air, it takes nearly 60 hours for half the

NO to be oxidized when the original concentration is 1 ppm. The oxidation
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rate for all concentrations increases at higher pressure.

It may be concluded from these facts that.

(1) muitistaged absorption equipment with long gas retention times
for oxidation of NO between absorption stages is required for

the high effic iency collection of nitrogen oxides from flowing

air streams;

(2) it is •impossible to reduce effluent concentrations below a few
hundred parts per million NO. in absorption equipment of practical
dimension when the entering _oncentration is in the percent range;

(3) the effluent NO concentration tends to be insensitive to increases
in inlet concen_ratioBs because of the greatly increased oxidation
times associated with lower concentrations of NO;

(4) addition of neutralizing chemicals (e. g. NaOH) to the scrubbing
liquor has little or no effect on absorption rates for NO or on
overall efficiency in a multistaged absorption unit as ba_k pressure
of solute from the solvent is seldom an important resistance to

NO. absorption in air pollution control applications; but use of
che_micals may be necessary to reduce waste water volume by

permitting recirculation of the scrubbing liquor.

Experiments 1 conducted in an 8.5 inch diameter counter current tower

packed with 5 feet of 1/2 inch Berl Saddles indicated that no permenant im-

provement in NO x removal results from recirculating an alkaline scrubbing

solution because of the inhibitory effect of accumulations of NaNO 2 on the

•absorption efficiency of the resulting mixture.

The slow oxidation of NO in air can be improved 2 by adding an oxidant

such as KMnO 4 to the absorption liquid so that NO formed during the hydra-

tion of NO 2 can be oxidized in the liquid phase (and made water soluble)

before it escapes from solution because of its limited solubility. When

KMnO 4 was added to the alkaline scrubbing liquor, absorbability increased

by a factor of 20% for the operating conditions employed. The principal

problem associated with the use of KMnO 4 in absorber scrubbing liquor in

addition to the high cost of the chemical is the formation of an insoluble

MnO 4 precipitate which can cause fouling of the absorber packings. Perhaps

substitution of KMnO 4 with hydrogen peroxide (H202) would provide the

necessary oxidation without any associated residues.

|

1

2

First, N. W. and J. J. Vile8, Jr., "Cleaning of Stack Gases Containing High

Concentrations of Nitrogen Oxides." Journal of the Air Pollution

Control Associationp Volume 21, 122-127 (1971).

Ibid.
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B. Performance ih:sult_

First :rod Vilo._ "_ :tl._ describe Ihe rcsulis ol :t _cries of tesls I_,rformed

on a l_;-st:lge cross-flow NO x gas :d_sorber cont:lining 37 micron diameter

curled glass packing.

Details of the unit are shown in Figure C-1.

The manufacturer was the Buffalo Forge Company, and the overall con-

figuration is quite similar to that of the Hamilton Standard Gemini and Saturn

scrubbers, which were also fabricated by Buffalo Forge. (See Section II. A

below for further description of these units. ) Each absorption stage had a

face area of 1.25 sq. ft. and contained a 4 inch depth of Owens-Coming K-115

curled glass fibers packed to a density of 2//3 pounds per cubic foot. Fifteen

stages were wetted with nozzles having an orifice diameter of 0.170 inches,

and delivering 2.5 g//minute at 8 psi. The sixteenth stage was operated dry

and served as an eliminator to prevent emission of airborne droplets. The

nozzles were serviced from a fresh water supply and waste Water drained

from the sumps connecting the cells to the bottom of the absorber casing. It

was intended that the liquid would rise in the sumps to a level well above the

drainage holes leading from the compartments and thereby provide effective

air seals between the stages.

Performance tests were conducted under a variety of conditions. Pro-

visions were made to measure temperature, flow rate, and the composition

of gas and liquid streams entering and leaving the absorber. The following

results were obtained:
o

(1) Pure N_.O. - NO_ mixtures at gas temperatures from 78 to 132 and
4, 0scrubbing _ater%mperatures from 40 to 74 were reduced to 30 ppm

at exit from the scrubber because with little or no inert gas present,

the gas absorber approximated an infinite retention time reactor after
the flowing gas volume shrank to very small values.

(2) In tests in which conditions were held constant except for NO^ inlet
concentration, outlet concentration appeared to be largely un_fected

by very large changes in inlet concentration; i.e., in one series of

tests a thirteen-fold increase in NO9 inlet concentration (2000 to
26,700 ppm) produced no significant-increase at the outlet. When
outlet concentration was plotted on log paper against average gas
velocity through the scrubber, the residual concentration appeared

3 Ibid.
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to be approximately proportion:ll to the square of the gas flow velocity.

(3) The outlet NO 2 concentration increased with a rise in water temper:l-
ture.

(4) Pressure of several atmospheres would be required to produce a marked

improvement in absorption at low concentrations of NO 2.

Results of nitrogen oxides removal in the scrubber under a variety of operat-

ing conditions are summarized in Table C-H. Known gas volumes were displaced

from the scrubber inlet and outlet into dry (previously desiccated) gas sampling

flasks by means of glass syringes attached to the flasks. Aliquotes of these

samples were analyzed for NO 2 and the remainder of each sample analyzed for

total nitrogen oxides. Inlet nitrogen oxide concentrations varied from less than

1% by volume to 32.8%. Overall scrubber efficiency varied from slightly over

90% for the lowest inlet concentration to greater than 97% for the highest. In

each case, collection efficiency for NO 2 was higher than the efficiency for total

oxides and the efficiency for NO was lower.

As the scrubber effluent was diluted with 8000 cf_n of essentially NO x- free

air, the resulting concentrations were well below the visible range. In the

case of sample 5, total volume entering the scrubber was 110 cfm but 32%

(32.8% NO x inlet concentration and 0.90% outlet concentration) was removed

in the scrubber resulting in an effluent volume of 75 cfm. When diluted with

8000 cfm of air, the resulting NO x concentration at the top of tall st_cks was

85 ppm. In the case of sample 3, stack outlet concentration was about 180 ppm.

C. Expert Opinions

Telephone conversations were conducted with the following people connected

with scrubber manufacturing or scrubber utilizing firms to determine the cur-

rent state of the art compared to the previously described scrubbing unit.

NAME FIRM PHONE NO.

Dr. Harm Senti Hoffman LaRoche 201/235-5000

Mr. Ed Hanf Ceilcote 216/243-0700

Mr. Harry Crumbling Coming Glass 607/974-7726

Mr. Gray Allied Chemical 315/468-1611

Mr. Vern Paturka Ceilcote 216/243-0700

Mr. Allan Quimby Buffalo Forge Co. 716/847-5258

Mr. Jerry Brewer U.O.P. Air Correction Div. 203/655-8711

Mr. Robert Soles Hell Process Eqpt. 813/381-0191
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The conclusion of all these representatives was that no recent advances

in the state of the art in scrubbing would enable practical absorption below

100 I)pm of oxides of nitrogen.

D. Conclusion

Multistage gas absorption of 1-50% nitric oxide, nitrogen dioxide, and

nitrogen tetroxide from air with water or caustic solutions can produce color-

less stack discharges. The rate at which NO is oxidized to NO 2 in the gas

phase and the solubility rate of NO 2 in water or solution are highly concentra-

tion dependent so that reduction of emissions of nitrogen oxides below approxi-

mately 200 ppm appears to be impractical. However, high efficiency scrubbing

combined with elevated discharge of the cleaned, colorless gases would be an

acceptable method of control for ventilated hypergols.

©
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If. DESCRIPTIONS OF SCRUBBERS USED FOR HYPERGOLIC PROPELLANT

VAPORS

i_.'Z

A. Hamilton - Standard's Gemini and Saturn Scrubbers

Hamilton Standard provided fuel-handling systems for the Gemini and

Saturn programs which included scrubbers for the removal of hypergolic pro-

peUants which would otherwise be vented to atmosphere. Gaseous nitrogen-

bearing fuel or oxidizer vapors (differentscrubbers of the same design were

used for fuels and oxidizers) were put through the scrubbers, which met design

specifications calling for contaminant concentration of less than 5 ppm N20 4

or less than 1 ppm MMH at the outlet of the system. This outlet is downstremn

of a dilution fan/mixing chamber where the scrubber effluent is mixed with

fresh air in a 100:1 ratio, thus reducing contaminant concentrations by a factor

of one hundred.

The scrubbers were engineered to accept up to 10 SCFM of up to 106 ppm

N204 or MMH (up to 10 SC FM of fuel or oxidizer vapor pure) or to accept up

to 60 SC FM of up to 1500 ppm N204 or MMH contaminated nigrogen. One may

infer that the scrubber, operating with a through flow of 60 SC FM, must reduce

N204 concentration by at least a factor of 3 (67% removal) or must reduce MMH

concentration by a factor of 15 (93% removal).

Scrubbing is accomplished by a cross-flow absorber which moves the gas

across sixteen cascaded filters, each with an associated fresh water spray

nozzle. The cross-section of the scrubber is about 2/3 it2 and of each filter,

about 1 ft2. The filtersare of pyrex glass wool supported by stainless steel.

The length of the scrubber is about 18 ft., folded once to a "U" form. Water

flow rate is 40 GPM. The scrubber and also the associated dilution blower

were provided by the Buffalo Forge Co. of Buffalo, N. Y. ;test results were

described in Section I. B above. Schematic diagrams are shown in Figures

C-2 and C-3; see also Figure C-1 above.

We wish to acknowledge the efforts of Mr. J. H. Vanderbilt, Chief of

Preliminary Design, Industrial Products and Services, Hamilton Standard,

in providing the foregoing information.
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B. Hamilton Standard's NASA-Goddard H_,drazine Scrubber

More recently, Hamilton Standard completed for NASA - Goddard a

small scrubber-neutralization system to allow the indoor firing of mono-

propellant hydrazine reaction rockets. The system will accomodnte a

single 5 lb. thrust engine and two i/2 lb. thrust engines simultaneously,

representing a hydrazine flow rate of. 025 - .030 Ibs/min. The contaminant

level in the system outlet is not known. Exhaust from the test engine(s) is

drawn into a manifold along with a significantquantity d room air, which has

the purpose of diluting any free hydrogen which may present danger of explosion

otherwise. The depression to draw the exhaust into the manifold is provided

by coupling the manifold outlet to the inletof a jet pump scrubber, which is a

large water-drlven jet pump. The scrubber exhaust impinges on the free

surface of 100 gallons of liquid in an oversize water box; the liquid is a weak

(pH 2.2) solution of hydrochloric acid (HCI). Gas and liquid are separated in

this box and the cleaned gas is vented. The jet pump scrubber, drawing mani-

fold gases, has an 8 in. (diameter) throat, or venturi, and the water jet which

powers the scrubber uses al_out 50 GPM at 70 PSI, requiring an approximate

15 HP motor to drive the water pump. The jet pump scrubber is supplied by

Croll-Reynolds of Westfield, N. J., and is of a type commonly supplied by

this company, if not actually "off-the-shelf".

A diagram of the jet ptt_np scrubber is shown in Figure C-4. We wish to

acknowledge the efforts of Mr. R. H. Hall, Operations Manager, Spnce Sys-

tems Dept., and Mr. J. Lynch and Mr. H. R. Heilman, all of Hamilton

Standard, Windsor Locks, Conn., in providing us with the foregoing information.

©
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C. The Peabody Oxidizer Scrubber

Peabody scrubbers have been installed on the N20 4 vent lines at the

Delta launch facilities at both Cape Canaveral and Vandenberg Air Force

Base. The purpose of this section is to briefly dt_scribe these scrubbers.

The Pe:tbt_y scrubber consisis of a column approximately 9 inches in

diameter mounted on a larger base approximately 3 ft. in diameter contain-

ing a 5% solution of NaHCO 3 which is recirculated during operation. Within

the column are 5 impingement baffle plates located at different levels, a

spray header in the upper part of the column, and a spray nozzle in the

lower part to saturate the incoming gases and to cool the bottom plate stage,

and a stainless steel wire mesh water demister at the top of the column.

The liquor recirculating pump, gas control system, and the necessary

regulating and safety valving and piping are located externally. The whole

apparatus is mounted on a trailer for portability.

The recirculating pump capacity is 24 gpm; the GN 2 gas control regulates

pressure within the system to smooth out pressure surges and partial vacuums

and to control the operating pressure.

The base and piping hold about 190 gallons of scrubber solution, and a

float-type liquid level controller adjusts the water level on the plates. The

vent vapors enter near the top of the base of the scrubber where they en-

counter the NaHCO 3 solutixm spray. The reaction begins here and continues

as the gas proceeds through the 5 stages of baffles, as follows:

NO x + NaHCO3_ CO2T + H2T+ Na + + NO 3 + NO 2 + NO

in solution

with incidental NO formation:

3 NO 2 + H20_ 2 HNO 3 + NO

The NO reacts with the HCO 3 ion, dissolves in water or is vented from the

column.

The final products in the scrubber liquor are solutions of Na NO 3, Na NO 2,

J

©
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and unreacted NaHCO 3, with varying amounts of dissolved gases. Excess

CO 2, H2. I-I20 -vapor, and NO x are released to the atmosphere.

The water for scrubbing is supplied by the spray head located above the

top plate stage. As the gases rise through the column they come into intimate

contact with liquid flowing downward through the five stages of impingement

baffles, utilizing a system of down comers and seals. In the process, the

gases are entrained as myriads of small bubbles, with an immense surface

area, thus enhancing absorption into the water layers on the baffle plates.

As the water trickles down the column, it eventually reaches the enlarged

base (reservoir) and is recirculated by the pump. Replacement of the scrubber

liquor is performed as required.

The water demister captures entrained liquid droplets from the scrubber

gas, forming la.'ger drops which can fall downward.

The cleaned gas (usually N2) exits through a pressure-reducing valve,

located on the top of the column, to the atmosphere. A safety valve located

atop the scrubber base prevents a build up of excessive pressure within the

system.

Except for the pump, this scrubber has no moving parts. The necessary

maintenance reported by Its users consists primarily of unclogging plugged

spray heads and occational replacement of the liquid solution.

The efficiency of this unit is not known. Only minor visible brown plumes

were reported on rare occas'ions by the personnel involved.
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D. The Nolte Hydrazine Scrubber

Nolte scrubbers have been installed on the Aerozine 50 vent lines at the

Delta launch facilities at both Cape Canaveral and Vandenberg Air Force

Base. The scrubber schematic is shown in Figure C-5, and the following

brief description is quoted from an operating manual.

'_rhe Scrubber Water Supply Regulator feeds 30 psig, 3 G. P. M.
tap water to the Scrubber through a motor-operated, normally-
closed ball valve. The Scrubber Water Supply Valve is opened

at the beginning of every test by turning on S-5 at the electrical
control panel. Water then flows through the Scrubber Flow
Valve, and Scrubber Spray Valve. These valves control the

scrubbing efficiency of the unit.

"A standpipe in the bottom of the scrubber controls the liquid

level for optimum system back pressure, and a Scrubber Drain
Valve allows complete draining when required. Contaminated
gas enters at the vapor inlet and rises through the water spray
to the 1st scrubbing stage. As the gas flows through the 15 3/16"
holes it comes in contact with the baffle and is deflected down

against the water flooded plate. The water is thus aerated and

subsequently absorbs and neutralfzes the harmful propellant

fumes in the vented gas. After the gas has passed through four
successive scrubbing stages, 90% of the noxious vapors are
removed; the water vapor is screened out with a stainless wire-
mesh water eliminator, and the remaining gas is vented to

atmosphere. To prevent high-pressure surge damage, each
sc rubbing stage has a 3/4 inch standpipe welded into it with

a water cup on the-bottom. When the pressure builds up, the
water blows out of the cup and allows gas to flow straight to
the vent without passing through the scrubbing holes. Water
refills the cup after the pressure surge is reduced. "

©
326



Geeke_

__--4

7 Figure C-5. The Nolte propellant vent scrubber.
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A _vt_tem of _ct_fld_.rs re," N2(_1. Val)or_ was designed and built al the

Space Division of North American Aviation (now Rockwell lnternation:d)

in the late 1960's. The foUowing paragraphs describe the system.

"The RCS facility cell exhaust system employs three

exhaust systems that can operate independently or in
several combinations. Two of the systems, located ad-

jacent to fuel and oxidizer test cells, have identical hard-
ware. They employ 2000-elm-rated exhaust fans, draw-
ing approximately 1600 cfm from the test cell and 400 cfm
from the 6 by 6-foot storage room at the corner of each

propellant cell. The other system is serviced by one 6000-
elm-rated exhaust system.

"The ducting from the 6000-cfm scrubber is designed
to draw exhaust gases from either the command module,
service module, or both test cells. The fuel cell scrubber
is interconnected tothe fuel, fuel storage, service module,
and command module cell. The oxidizer scrubber is con-

nocted to the oxidizer, oxidizer storage, and command mod-

ule ceils. All positions can be independently serviced.

"Each of the three exhaust systems consists of inter-
connecting ducting, a cyclone exhaust scrubber add a con-

taminants diluation unit equipped with an axial lan. The
interconnecting ducting for the cells is equipped with re-
motely operated draft and isolation dampers, designed to the

same principle as tlie forced air supply, i.e., selective
isolation. In addition to the cell isolation capability, the
scrubbers are equipped with dampers located in the ducting
near the intakes to the exhaust fans; these dampers can be

used to isolate the scrubbers from the cells or for selec-

tivity metering the exhausting from the cells.

"Each of the cyclone exhaust scrubbers consists of an
intake fan and three water fog chambers (stacked). The

fog chambers are separated by woven stainless steel screens
and are equipped with separate air-water fog spray systems.
The mechanism of the exhaust scrubber essentially involves

forcing the contaminated air, exhausted from the cell,
through the fog chambers, where they chemically react, and
out to the contamtn_s dilution unit. In the contaminants
dilution unit, the contaminated exhaust is diluted by mixing
with uncontaminated air. It is exhausted through an outlet

stack into the atmosphere at a high velocity, so that it is
carried away from the vicinity of the facility roof top.

/
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r I ik_ "l'ho roni:uninants (lihtt ion unit consiala of a high-

speed (10, O00-cfm-ratod) :_xial [an installed in a cylin-
drical stack. The stacks are equippcd with baffles; the

baffles create eddy currents and provide ultimate mixing
of uncontaminated air and air contaminated exhaust from

the scrubber outlet before projecting them into the at-
mosphere. The contaminants dilution unit is installed
adjacent to, and above, the exhaust scrubber unit. It
is connected at the outlet of the scrubber unit and the inlet

to the axial fans on a tee arrangement, so that the fresh

air intake is not appreciably restricted, yet the exhaust
gases existing from the scrubber is entrained and ac-
celerated.

'_Fhe water, used in the fogging system, is supplied
by a pump and is drawn from a water-level controlled
reservoir. After the water is fogged into the chambers,
it makes contact with the propellant vapors and chemi-

cally reacts. (Note: the exhaust from the scrubber fan
is forced through the water fog in a swirling, cyclonic
motion which, in conjunction with the three fog chambers,

provides a large contact area for the reaction and scrub-
bing of the gases.) The residual falls to the bottom of
the scrubber chamber and drains into the facility sump
where it is later neutralized _nd loaded into the city
sewage. ,4

,'rhe chemical reaction of the propellants with water
are second-order homogeneous reactions; the completion
of the reactions depend solely on the length of contact
time and assurance of excess water. However, since

the first phase of the reaction is evolution of additional
gas, care must be taken to insure that the fumes are not
pushed through the scrubber at a rate which does not
allow sufficient reaction time.

"In the present scrubber design, the reaction time is
assured by a design using three fog chambers. As the
metered exhaust fumes are forced tangentially into the

scrubber chamber, they come into contact with water fog
in the first chamber. At the top of this chamber, approxi-
mately at the one-third level of the scrubber, is a core

buster. After the primary reaction, the resultant enters
the second fog chamber and further reacts. Fumes es-
caping the second chamber enter the chamber for further
scrubbing action.

I

4 Freeman, B., ,-the Reaction Control System Facility Operational

Capabilities Evaluation and Analysis. " Report No. SID 66-1905,
North American Aviation, Inc., Space Division, Downey, Calif.,
May 1967, pp. 33-34.
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'The caleulated efficiency of the first chamber is 50

percent provided that the correct metered level of intake
is used. If necessary the total scrubber can be operated
at an 87.5 percent efficiency. The escaping fumes are
then diluted by mixing with uncontaminated air In the con-.
taminated dilution unit and exhausted to the atmosphere. ''_

©

i. ¸

5
Op. cit., p. 46.
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A I)PENDLK D

SPECIAL NOTES ON HF REMOVAL FROM EFFLUENT STREAMS
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Although the problem of lLlF content in IRFNA disposal effluent is a

relatively minor one in terms of absolute quantities involved, it proved

to be perplexing because of tile difficulties we experienced in completely

removing the flouride. The purpose of this appendix is to present late

developments (after the main report was completed) and some additional

discussion of the problem,

Dr. Robert S. Ottinger, Head, Chemical Engineering Design and

Analysis Section, TRW Systems, Redondo Beach, California, had commented

earlier on the fact that HF disposal activities are ongoing at TRW in con-

nection with laser activities. When asked for further details, he wrote as

foUows:

/

"The HF laser system exhausts its
gases through a steam ejector system which acts very
similar to a venturl scrubber. The water ejected in the
latter stages of the ejector is alkaline, forming soluble

salts with the absorbed HF. The liquid effluent from the
ejector is passed through a limestone packed bed which
fixes the fluoride ion as highly insoluble calcium fluoride.
The water from the process, which is virtually free of

fluoride ion, is put into a holding pond and used as pro-
cess water. ,,l

At about the same time, our own experiments with HF removal were

being continued in an attempt to find a precipitating reagent that would be

more effective than the CaCI 2 and Ca (OH) 2 reported on in Section V of the

"Application Studies" portion of this report. Ca 3 (PO4) 2 and Ca (H 2 PO4) 2

were both investigated, with results not substantially different from those

found previously. These experiments were performed using pH controllers

to adjust the pH of solution all the way from 1.2 to 12.5, with the problem

of limited precipitation persisting at all pH levels, for all of the precipita-

ting agents.

Further study led us to the conclusion that the problem lay in the

presence of high concentrations of nitrate ions, NO 3, which increase the

solubility of the CaF 2 to the point where only a portion precipitates out.

Ottinger, R. S., Private Communication dated 25 October 1974.
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This problem would not occur in normal industrial practice where HF is

removed from effluent streams in which CaF 2 is virtually insoluble, but

seems unavoidable in our case where the HF is used as an inhibitor in

nitric acid.

Our final conclusion, in view of these developments, is twofold. First,

itappears that a packed limestone (calcium carbonate) bed, as discussed in

the main body of the report, should be effective in precipitating HF from

IRFNA solutions as well as neutralizing the nitricacid. Second, the per-

centage of HF precipitated will be limited, with calcium carbonate as well

as with the other calcium compounds, due to the effect of the nitrate ions on

the solubilityof CaF 2. Due to the small absolute quantities of HF involved,

we do not regard this problem to be an especially serious one.

/
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